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.  Introduction 


For  an  understanding  of  the  fundamental  properties 
of  polycrystalline  brittle  materials  the  study  of 
the  mechanical  behavior  of  such  solids  is  very 
important . 

In  former  times  there  was  little  interest  in  brittle 
materials,  mostly  due  to  their  irregular  behavior. 

Only  in  recent  years  a  gradual  realization  of  the 
importance  of  brittle  materials  exists  as  they  provide 
a  very  high  temperature  strength.  The  need  of  such 
materials  in  high  temperature  engines  leads  to  an 
intensified  attention  focused  on  factores  affecting 
the  strength  of  brittle  solids.  This  resulted  in  an 
increased  research  effort  in  order  to  understand  the 
phenomenological  properties  and  the  behavior  of  these 
materials . 

Today  the  initiation  of  cracks  is  generally  accepted 
as  being  due  to  the  mobilization  of  dislocations, 
which  are  rather  uniformly  dispersed.  Once  the  dislo¬ 
cations  are  activated,  either  by  temperature  or  by 
applied  stress,  they  continue  to  move  until  an  obstacle 
is  encountered.  This  is  most  often  provided  by  a  grain 
boundary  or  some  other  barrier,  where  the  dislocations 
pile  up. 

If  this  occurs  for  sufficient  numbers  of  dislocations 
a  microcrack  will  form,  which  then  leads  to  crack 
initiation  in  the  material. 

In  many  cases  the  materials  contain  numerous  finely 
dispersed  flaws,  inclusions  or  vacancies  in  the  form 
of  pores,  which  became  operative  at  crack  initiation 
mechanisms  long  before  dislocation  activation  can  act. 
Under  these  circumstances  the  material  may  fail  at 
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stresses  far  lower  than  those  required  to  mobilize 
the  dislocation  movement. 

Brittle  crack  propagation  can  he  described  with  the 
theory  derived  by  Griffith  /I/.  He  postulates,  that 
a  flaw  can  propagate,  provided  its  extension  is 
accompanied  by  a  surplus  of  strain  energy  in  the 
material.  The  Griffith  criterion  entails  only  one 
constant,  the  craclc  depth.  The  energy  required  to 
create  new  surfaces  is  based  upon  the  theoretical 
surface  energy  of  the  substance.  This  concept  was 
proved  to  hold  for  completely  brittle  materials  like 
glass  in  numerous  investigations . 

Subsequent  work  extended  the  utility  of  the  Griffith 
criterion  to  the  case  of  multiaxial  stresses  and  non- 
uniform  stress  fields  and  it  has  been  applied  with 
some  success  to  explain  the  influence  of  the  grainsize 
on  the  fracture  stress  or  for  strain  rate  effects.  At 
the  same  time,  the  Griffith  theory  cannot  explain  3ize 
effects  and  different  strengths  corresponding  to 
various  loading  conditions. 

Another  theory,  proposed  by  Weibull  /2/,  considers, 
that  a  random  distribution  of  flaws  exists  in  the 
material,  assigning  a  certain  probability  of  failure 
which  depends  upon  the  size  and  the  state  of  stress 
of  the  body.  This  statistical  approach  to  fracture  can 
account  for  the  variation  in  strength  with  volume, 
state  of  stress  or  type  of  loading.  Regarding,  however, 
such  parameters  as  grainsize,  porosity,  surface  effects 
or  stress  gradients  the  theory  is  reduced  to  a  condition 
requiring  arbitrary  adjustments  in  the  empirical 
constants  contained  in  it.  The  Weibull  theory,  however, 
is  incap  able  to  consider  strain  rate  effects  or  delayed 
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fracture  for  instance. 

In  performing  the  research  brittle  materials  had 
to  be  chosen  which  allow  a  well-planned  approach 
to  fundamental  investigations  of  the  parameters 
influencing  the  strength  and  failure  characteristics. 
Oxide  ceramics  are  very  suitable  for  this  purpose. 
Therefore  studies  have  already  been  done  for  several 
years  (see  former  report  /3/  and  /4/)  on  Alumina, 
Zirconia,  Magnesia  and  Spinell.  The  first  year’s 
effort  consisted  essentially  in  the  performance  of 
compression,  bending  and  some  not  very  accurate 
tension  tests.  As  the  results  from  the  bending  tests 
turned  out  to  be  most  reliable  this  method  was 
maintained  for  the  determination  of  the  fracture 
stress,  Young’s  modulus  and  the  fracture  strain 
(strain  of  fracture)  of  the  above  mentioned  oxide 
ceramics  in  the  temperature  range  from  -195°C  to 
1 200°G  or  1400°G.  Alumina  showed  the  most  promising 
material  properties  and  was  therefore  selected  for 
further  research  work. 

This  report  deals  mainly  with  a  study  of  such  factors 
affecting  the  strength  of  Alumina  as  effect  of  surface 
roughness,  resiuual  stresses,  influence  of  strain  rate, 
fatigue,  effect  of  microstructure,  size  effect  and 
non-uniform  stress  field. 

The  decision  for  these  initial  investigations  was 
largely  based  on  the  importance  of  information  for 
the  designing  engineer,  who  must  be  able  to  predict 
the  failure  of  construction  elements  by  knowing  the 
constitution  of  the  material  and  the  loading  conditions. 
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'erimental  Investigation  of  Alumina 


M 2 

2.1.  Test  material 

For  the  conduction  of  the  planned  tests  round  bar 
Alumina  specimens  with  diameters  of  2,  4>  6  and  8  mm 
and  with  different  lengths  of  60,  110  and  250  mm  were 
obtained  from  the  companies  "Degussa11 ,  Frankfurt /Ma in , 
Western  Gold  and  Platinum  Co.,  Berkley,  Calif.,  USA 
and  Hrand  Djevahirdjian ,  Mon they,  Switzerland.  The 
obtained  Alumina  rods  were  denoted  as  Degussit  A1  23, 
Degussit  A1  23  PT,  Degussit  A1  24,  Degussit  test 
substance  2461,  Wesgo  A1  995  and  Djevax  Korund. 

2.1.1.  Chemical  analysis 

All  above  mentioned  Alumina  specimens  had  a  chemical 
purity  of  at  least  99,5$.  An  analysis  of  the  Degussit 
rods,  given  by  Degussa  is  presented  in  Table  1. 

A1  23  and  A1  23  FT  are  equal.  A1  24  differs  from 
both  materials  only  by  the  content  of  MgO.  Investi¬ 
gations  performed  by  the  manufacturer  in  order  to 
determine  the  effect  of  the  contents  of  MgO  on  the 
compression  strength  exhibit,  that  the  influence  up 
to  a  content  of  3$  of  MgO  is  below  3,5$  in  a  tempera¬ 
ture  range  from  20°C  to  1100°C.  From  Wesgo  A1  995 
specimens  it  is  only  known,  that  the  purity  level 
i3  beyond  99,5$.  With  the  specimens  of  extreme  purity 
like  Degussit  test  substance  2461  and  synthetic 
corundum  it  is  intended  to  compare  the  coincidence 
of  their  test  results  with  the  others. 


2.1.2.  G-rainsize  and  porosity 

The  microstructure  of  Alumina  plays  an  important 
part  for  the  mechanical  properties,  therefore  the 
grainsize  and  the  porosity  was  determined  of  each 
specimen. 

For  the  determination  of  the  grainsize  the  specimens 
had  t'-  he  polished  and  etched.  For  this  reason  small 
parts  were  cut  with  a,  diamand  saw  close  to  the 
fracture  surface  form  the  tested  specimens.  Then 
the  parts  were  ground  with  silicon  carbide  on  cast- 
iron  disks  and  polished  with  diamond  compound  of  a 
particle  size  of  3  /um  .  After  these  preparations 
the  specimens  were  etched  for  two  minutes  in  melted 
Borax  at  1100°C  and  then  boiled  for  about  half  an 
hour  in  a  50$  hydrochlorid  acid  solution  and  for 
neutralisation  another  half  an  hour  in  water  with 
little  Amonia.  The  measurements  of  the  grainsize  of 
A120^  which  is  an  irregular  and  multifarious  product 
can  be  carried  out  in  several  ways.  In  accordance 
to  other  works  we  used  the  Rosival  method,  which 
consists  at  drawing  a  straight  line  of  known  length 
across  many  grains  and  counting  the  number  of  grains, 
crossed  by  the  line.  For  a  more  exact  determination 
2  lines  in  perpendicular  directions  were  drawn  on 
7  arbitrary  spots.  The  average  "graindiameter  G  " 
can  then  be  received  from  the  equation 


6 


i< i  •  t 

/V 


< » / 


(1) 


-5- 


where  Ht-  is  the  number  of  grains  counted  in  one 
line  of  length  t  .  Fig.1  exhibits  photographs  of 
a  polished  and  etched  Alumina  specimen  magnified 
500  times. 

(The  porosity  is  a  measure  of  the  gaseous  inclosure3 
in  the  material  and  is  usually  expressed  in  percent 
as  the  ratio  of  the  pore-volume  to  the  total  volume 
of  the  specimen.  The  pore-volume  can  easily  be 
calculated  from  the  difference  of  the  specific  weight 
of  the  testmaterial  to  the  theoretical  density  of  a 
pore-free  Alumina  b.ody.  The  theoretical  density 
was  determined  to  be  4,00  p/cm^  by  X  -  ray  examinations 
of  pure  oc  -Aluminumoxide .  The  same  value  could  also 
be  achieved  asymtotically  by  the  method  of  the  buoyant 
force . 

Thus,  the  value  of  the  porosity  can  be  expressed  in 
percent  by 

p  =  (1  -  ~)  100  [  %]  (2) 

where  p  -  porosity  / J 

£  =  4,00  ^p/cm J  the  theoretical  density 
'  A1205 

the  specific  weigth  of  the  Alumina 
test  specimen 

The  grainsize  and  the  porosity  of  the  Alumina  rods 
delivered  from  Degussa  for  the  conduction  of  the 
tests  varied  from  1  , 5  pun  to  60  for  the  grain- 
size  and  from  1^  to  20^  for  the  porosity.  Unfortunately 
the  values  were  not  distributed  uniformly  over  the 
whole  range.  Fig. 2  shows,  that  especially  for  small 
values  of  the  porosities  large  grainsizes  are  lacking 


and  that  for  porosities  from  10$  to  15$  only  grain- 
sizes  from  5  (Ar*  to  7  jU*vj  are  present. 

In  order  to  determine  the  influence  of  the  grainsize 
and  the  porosity  on  the  fracture  stress  it  would  be 
valuable  to  know  both  quantiti.es  exactly  at  the 
fracture  area.  As  the  porosity  is  a  mean  value  of 
the  whole  specimen  and  as  the  grainsize  was  determined 
only  close  to  the  fracture  surface  their  distributions 
over  the  length  and  the  diameter  of  each  group  of  the 
Alumina  specimens  were  measured.  For  this  purpose  the 
specimens  were  cut  into  16  pieces  and  the  grainsize 
and  the  porosity  were  determined  from  each  piece. 

While  the  grainsize  and  the  porosity  were  almost 
constant  over  the  whole  cross-section,  the  distribution 
over  the  length  showed'  considerable  variation. 

The  results  are  exhibited  in  Table  2  and  in  Pig. 3,  4, 

5  and  6.  It  can  be  seen  from  the  diagrams  that 

especially  with  the  A1  23  PI  and  A1  24  specimen  the 

grainsize  and  porosity  change  over  the  specimen  length 

and  that  this  fact  requires  to  determine  both  values 

right  on  the  fracture  surface.  However,  it  is  not 

possible  to  measure  the  porosity  on  the  fracture  sur- 

% 

face.  The  simplest  method  is  to  photograph  a  polished 
specimen  and  measure  the  area  of  the  dark  spots,  then 
calculate  the  ratio  of  the  area  of  the  dark  spots  to 
the  whole  area.  But  this  method  is  unreliable  as  always 
pieces  of  grains  will  be  torn  out  during  the  process 
of  cutting,  grinding  and  polishing.  The  fact,  that  we 
only  can  take  an  average  porosity  of  each  specimen 
partially  can  explain  the  scatter  of  the  fracture  stress 
if  the  scatter  of  the  porosity  over  the  specimen  length 
is  taken  into  account. 


The  stress  concentrations  at  the  pores  are  mostly 
affected  hy  the  pore-shape  and  the  pore-distance. 

Tnerefore  the  relation  between  both  parameters  and 
their  dependence  on  the  grainsize  and  the  porosity 
was  investigated.  For  this  reason  two  groups  of 
specimens  were  selected,  one  with  constant  porosity 
of  5,6$  and  varying  grainsize,  the  other  with  constant 
grainsize  of  6,1  fJLtn  and  varying  porosity.  In  Figs. 7 
and  8  the  photographs  of  the  carefully  polished  specimen 
are  presented  and  they  show  clearly,  that  with  constant 
porosity  and  changing  grainsize  the  size  of  the  pores 
grows  with  increasing  grainsize.  Consequently  the 
number  of  pores  diminishes  by  the  same  amount.  At 
constant  grainsize  the  number  of  pores  increase  with 
increasing  porosity  whereas  the  poresize  remains 
unchanged.  These  facts  make  it  possible  that  with 
changing  grainsize  not  only  the  dislocation  mechanism, 
but  also  the  varying  pore-shape  and  -distance  is 
responsible  for  altering  the  fracture  stress. 

2.1.3.  Surface  roughness 

The  surface  roughness  may  influence  the  fracture  stress  of 
Alumina,  therefore  the  variation  of  the  surface  roughness 
with  changing  grainsize  and  porosity  is  of  high  interest. 
For  these  investigations  Degussit  Alumina  specimens 
with  changing  grainsize  at  constant  porosity  or  changing 
porosity  at  constant  grainsize  were  examined  in  the  as 
received  condition  of  the  material.  The  surface  texture 
was  measured  on  several  spots  by  means  of  a  Perth-O-Meter , 
a  surface  measuring  instrument,  equipped  with  surface 
tracers  which  explore  the  'fine  surface  and  transmit  the 
oscillation  caused  by  the  peaks  and  valleys  to  an  electro¬ 
mechanical  converter. 


-8- 


Three  characteristic  values  were  measured  by -the 
Perth-O-Meter ,  the  "Rauhtiefe"  R^,  which  is  the  total 
height  from  the  highest  peak  to  the  lowest  valley,  the 
"Glattungstiefe"  R  ,  which  is  the  maximum  ueak  height 
above  the  centerline  of  the  modified  profile  and  the 
Center-Line-Average  CLA,  which  represents  the  arithmetic 
mean  value  received  from  the  absolute  amounts  of  the 
distances  of  the  surface  profile  to  the  centerline. 

Generally  one  of  the  characteristic  data  is  not 
sufficient  as  the  surface  might,  for  example,  exist 
of  many  small  peaks  or  of  wide  hills.  In  both  cases 
the  values  of  could  be  the  same,  in  spite  of  the 
different  surface  profiles  which  affect  the  fracture 
stress. 

It  turned  out  from  the  measurements,  that  all  characteristic 
surface  data  decreased  with  increasing  grainsize,  that 
means  the  surface  becomes  smoother  with  larger  grains , 
whereas  with  growing  porosity  the  roughness  of  the 
surface  increases  (see  Pig. 9  and  Table  3). 

2.1.4.  Hardness 

According  to  the  hardness  scale  of  P.  Mohs  which  extends 
from  1  to  10,  where  number  10  is  assigned  to  diamond  as 
the  hardest  material,  Alumina  has  the  hardness  9.  However 
not  the  degree  of  hardness  is  of  main  interest,  but  the 
possibility  to  measure  the  plastic  deformability  of 
Alumina  by  micro-hardness  tests  with  little  effort. 

Therefore  hardness  tests  according  to  the  Vickers  method 
were  conducted  on  Alumina  specimens  with  varying  grain- 
size  and  porosity. 

Throughout  the  whole  test  series  the  Vickers  pyramide 
was  pressed  upon  the  specimens  with  constant  load  P 


A  measure  for  the  size  of  the  impression  is  then  the 
diagonal  and  the  micro-hardness  can  be  calculated 
according  to 

HV  =  1  ,854  •  —  .  /kp/mm2?  (3) 

On  each  specimen  10  impressions  were  arbitrarily- 
distributed  and  evaluated.  In  Table  4  the  arithmetic 
mean  values  of  the  Vickers-hardness  are  given  with 
respect  to  the  grainsize  and  the  porosity  of  each 
specimen.  The  results  are  also  plotted  in  Pig. 10. 

They  show  at  small  grains  an  increasing  hardness. 

There  is  a  maximum  at  a  grainsize  of  about  18  and 

from  there  on  the  hardness  decreases  with  growing 
grainsize.  With  increasing  porosity  however  the  Vickers- 
hardness  decreases  monotonously.  The  low  values  for 
specimens  with  high  porosities  are  in  good  agreement 
with  the  observations  made  by  E.  Ryshkc  dtch  /5/,  who 
states  that  the  brittleness  of  Alumina  decreases  with 
increasing  porosity. 

The  mentioned  hardness  tests  were  distributed  arbitrarily 
over  the  cross-section.  The  grainsize  however,  as  Pig. 10 
shows,  exerts  a  considerable  influence,  therefore  it 
was  necessary  to  measure  the  Vickers-hardness  individually 
on  single  grains  of  certain  sizes.  For  these  tests  a 
Wesgo  A1  995  rod,  6  mm  diameter  was  taken  which  scattered 
in  the  grainsize  from  12  Jam  to  50  ytcm  .  10  grains  of 
almost  equal  sizes  were  selected  in  certain  intervals 
for  hardness  tests.  The  results  are  assorted  in  Table  5 
and  plotted  in  Pig.11.  The  dependency  of  the  hardness 
on  the  grainsize  was  similar  to  that  shown  in  Pig. 10. 

One  of  the  Vickers  impressions  in  the  polished  and 
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etched  Wesgo  specimens  is  demonstrated  in  Fig* 12. 

.5.  Damping 

The  fracture  face  of  the  tested  Alumina  rods  like 
the  fracture  surface  or  the  number  of  broken  pieces 
of  an  Alumina  rod  after  a  bending  test  (see  Pig. 13) 
is  partly  determined  by  the  interior  damping  of  the 
material.  Therefore  damping  measurements  were  performed 
at  room  temperature  with  Degussit  Al^^  round  bar 
specimens  having  a  diameter  of  4  mm  and  a  length  of 
100  mm. 

The  damping  constant  <5  ,  also  called  the  logarithmic 

decrement,  is  a  measure  for  the  amount  of  damping 
which  the  specimen  possesses.  If  the  amplitude  of  a 
vibrating  specimen  decreases  during  N  cycles  from  a 
value  A2  to  a  value  A1  =  A2/e  (where  e  is  the  basis 
of  the  natural  logarithms)  it  follows 

J  =  J.  (4) 

Por  these  tests  we  used  "Forster' s  Elastomat"  (see 
Pig. 14).  In  this  apparatus  the  specimens  are  excited 
to  a  certain  resonance  vibration  (torsional,  longitu¬ 
dinal,  transversal)  and  the  N  cycles  of  a  given 
amplitude  range  during  the  natural  diminution  are 
counted. 

The  excitation  can  be  done  by  means  of  piezoelectric 
or  magnetic  systems.  The  magnetic  systems  are  only 
applicable  to  ferromagnetic  materials,  whereas  the 
piezoelectric  ones  are  applicable  to  all  oscillatory 
materials . 

In  order  to  be  able  to  apply  the  magnetic  system, 
small  metal  sheets  were  glued  to  the  specimens  in  a 
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way,  that  the  specimens  were  excited  to  transversal 
vibrations . 

The  test  results  are  presented  in  Table  6  and  plotted 
in  Pig. 15.  The  damping  constant  shows  an  enormous 
increase  with  increasing  porosity  and  a  slight  decrease 
with  increasing  grainsize.  This  result  coincides  with 
the  observations  that  specimens  with  a  low  porosity 
break  into  more  pieces  than  specimens  with  a  high 
porosity. 

2.2.  Performance  of  strength  tests 

2.2.1.  Influence  of  the  surface  rougimess  on  the  fracture 
stress.  Youngs  modulus  and  the  fracture  strain 
The  influence  of  the  surface  condition  on  the  fracture 
stress,  Young's  modulus  and  the  fracture  strain  was 
investigated  at  room  temperature  with  Degussit  AlgO^ 
specimens  fired  in  one  kiln  under  equal  conditions 
in  order  to  achieve  constant  grainsize  and  porosity 
for  all  specimens. 

For  the  test  series  specimens  with  a  diameter  of  6  mm 
and  a  length  of  250  mm  were  chosen.  The  average  grain- 
size  was  9,0 fUm  and  the  average  porosity  5,37/6. 

The  surface  condition  of  the  specimens  was  varied  by 
grinding  with  Silicon  carbide  of  different  grainsize 
or  polishing  with  fine  grained  diamond  compound.  Three 
characteristic  values,  as  described  in  chapter  2.1.3., 
were  measured  by  a  Perth-O-Meter ,  the  "Rauhtiefe"  R^, 
the  "Glattungstiefe"  R  and  the  Center-line-Average  CLA. 

For  determining  the  fracture  stress,  Young's  modulus 
and  fracture  strain  in  dependence  from  the  surface 
condition,  the  prepared  specimens  were  tested  in 
bending.  The  bending  test  equipment  is  shown  in  Fig. 16. 
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It  is  in  principal  the  same  as  described  in  J 3/  and 
/ 4/ .  The  evaluation  of  the  fracture  stress,  Young’s 
modulus  and  the  fracture  strain  remained  unchanged. 

The  test  results  are  presented  in  Table  7  and  in 
Figs. 17  to  19.  They  show,  that  the  decrease  rate  of 
the  fracture  stress  and  fracture  strain  with  increasing 
roughness  is  almost  negligible.  Furthermore,  Young’s 
modulus  remains  constant.  These  data  reveal  that 
fracture  originates  primarily  on  the  flaws.  It  is 
suspected  that  only  at  low  porosities  the  groves  of 
the  surface  texture  influence  the  fracture  stress 
evidently.  However,  only  a  test  series  covering  the 
whole  range  of  grainsize  and  porosity  can  give  a 
complete  answer. 

2.2.2.  Residual  stresses  in  Alumina  rods 

As  the  residual  stresses  of  a  material  affect  the 
fracture  stress  and  fracture  strain  their  determination 
was  attempted  on  our  common  Alumina  specimens.  For 
this  purpose  20  Wesgo  A1  995  specimens  with  a  length 
of  250  mm,  a  diameter  of  6  mm  and  little  variation 
of  grainsize  and  porosity  were  selected.  By  this 
specimen  shape,  which  corresponds  to  our  bending  test 
specimens,  only  the  grinding  off  method  which  was 
elaborated  by  0.  Sachs  /6/  could  be  applied.  With 
this  method  the  diameter  of  the  specimen  has  to  be 
ground  off  stepwise  and  the  change  of  length  must  be 
measured  after  each  step.  As  only  longitudinal  strains 
can  be  measured  a  simplificating  assumption  has  to  be 
made,  that  there  exists  only  a  uniaxial  stress  state. 
According  to  G.  Sachs  this  leads  to  the  following 
equation 
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(5) 


where  £*  is  Young’s  modulus 

the  remaining  cross-section 
the  axial  strain  of  the  specimen 

from  which  the  distribution  of  the  residual  stresses 
over  the  cross-section  of  the  specimen  can  be  deter¬ 
mined. 

Much  care  was  taken  for  the  grinding  process  in 
order  not  to  produce  additional  stresses.  The  surface 
was  ground  off  stepwise  from  6  to  3,5  mm,  however, 
only  over  a  part  of  the  length  in  order  to  have  the 
specimen  always  fixed  in  the  same  position  of  the 
measuring  equipment.  After  each  step  the  specimen 
was  stored  far  about  one  hour  in  a  room  with  almost 
constant  temperature,  then  the  change  of  the  specimen 
length  was  measured  by  means  of  a  Huggenberger  Opti- 
meter  with  an  accuray  of  +  0,0003  mm.  The  maximum 
variation  of  the  temperature  was  approximately  +  1°C. 

The  elongations  resulting  from  this  change  of  tempera¬ 
ture  were  eliminated  by  comparison  with  a  gaging  rod. 
Fig. 20  shows  a  measuring  equipment  which  was  mounted 
on  a  heavy  steel  plate  in  order  to  exclude  the  defor¬ 
mations  between  the  supports  and  the  optime ter.  The 
test  results  of  three  specimens  are  presented  in 
Tables  8  to  10  and  plotted  in  Figs. 21  to  23.  The  tests 
show,  that  all  kinds  of  distributions  are  possible, 
the  stresses  however  are  negligible  small.  It  also 
follows,  if  the  arithmetic  mean  value  of  the  elongations 
of  all  20  tests  is  taken  that  the  corresponding  residual 
stress  is  zero  throughout  the  whole  cross-section. 
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2.2.3*  Influence  of  the  loading  speed  on  the  fracture  stress, 
Young1 s  modulus  and  fracture  strain  of  Alumina 
One  can  imagine  that  the  strain  rate,  as  long  as  dis¬ 
location  movements  take  place ,  affects  the  fracture 
stress  and  fracture  strain.  Therefore  a  test  series 
for  the  determination  of  the  influence  of  the  loading 
speed  at  our  bending  tests  on  the  fracture  stress, 
Young’s  modulus  and  the  strain  at  fracture  was  con¬ 
ducted  at  room  temperature.  For  the  bending  tests 
Wesgo  A1  995  specimens  with  a  diameter  of  6  mm  and 
only  slightly  differing  porosity  and  grainsize  were 
taken.  411  specimens  were  fired  in  one  kiln,  they  had 
an  average  porosity  of  3.7#  and  an  average,  grainsize 
of  12  ,u*r)  . 

The  bending  test  setup  which  was  built  in  into  our 
Zwick  electronic  tension  test  equipment  is  shown  in 
Figs. 24  and  25.  One  can  see  the  arrangement  of  the 
electric  strain  gages  which  measure  the  load  applied 
to  the  leverarms  (1)  and  the  strains  of  the  specimen 
(2).  The  electric  signals  of  the  strain  gages  were 
given  into  two  Tektronix  cathode  ray  oscillographs 
which  recorded  a  load-strain  and  a  strain-time  diagram. 
Figs. 26a  and  26b  show  examples  of  a  test.  Prior  to  the 
tests  the  load,  strain  and  time  signals  were  gaged  for 
analysing  the  photographed  diagram..  The  straight  line 
from  Fig. 26a  results  from  the  superimposition  of  the 
load  and  strain  signals,  the  inclination  of  which  is 
in  connection  with  the  length  of  the  leverarm  and 
the  moment  of  resistance  a  measure  of  Young’s  modulus. 
The  end  of  the  line  which  shows  the  maximum  load  and 
strain  is  a  measure  for  the  fracture  stress  and  strain. 
The  curved  line  of  Fig. 26b  is  a  superimposition  of 
time  and  strain.  The  inclination  is  a  measixre  of  the 
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strain  rate.  The  tests  were  performed  at  four  cross¬ 
head  speeds  of  the  Zwick  tension  test  machine,  namely 
0.6,  6.0,  60  and  600  mm  per  minute.  It  can  he  seen 
from  the  photograph  that  the  strain  rate  becomes 
constant  at  the  end  even  at  the  maximum  speed  of  600  mm 
per  minute ,  therefore  inertia  influences  can  be*  neglected 
for  the  determination  of  the  fracture  stress ,  fracture 
strain  and  for  Young's  modulus  if  the  measurements  will 
be  done  in  the  region  of  the  constant  strain  rate. 

The  errors  which  are  caused  by  the  inclined  and  dis¬ 
placed  glueing  of  the  strain  gages  on  the  tension  and 
compression  side  of  the  specimens  are  kept  small  because 
of  the  special  form  of  the  metal  film  strain  gages, 
which  had  a  width  of  0.75  mm  and  a  length  of  15  mm. 

The  test  results  of  this  series  are  given  in  Table  1 1 . 
This  table  contains  also  the  porosity  and  the  grain- 
size  of  each  specimen  in  order  to  eliminate  their 
influence.  The  values  of  the  fracture  stress,  Young's 
modulus  and  the  strain  at  fracture  are  reduced  to  an 
uniform  porosity  of  4$  and  a  grainsize  of  12  (A-m 
The  test  results  are  also  plotted  in  Fig. 27.  The  dia¬ 
grams  exhibit,  that  the  fracture  stress  and  the  strain 
at  fracture  increase  slightly  with  increasing  strain 
rate,  whereas  Young's  modulus  remains  constant. 

2.2.4.  Alternating  bending  fatigue  tests 

An  important  reason  for  investigating  fatigue  phenomena 
in  Alumina  is  that  very  little  experimental  work  under 
fatigue  conditions  has  been  done  with  materials  which 
approach  the  idea]  concept  of  brittleness.  Thus  a  know¬ 
ledge  of  the  fatigue  behavior  of  ceramics  in  general 
should  benefit  a  far  wider  field. 
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Alternating  bending  fatigue  tests  were  started  with 
Wesgo  A1  995  and  Degussit  A1  23  Alumina  rods.  For  the 
tests  cylindrical  smooth  and  circumferentially  notched 
specimens  were  selected  which  are  shown  in  Fig. 28. 

The  manufacturing  of  the  smooth  and  notched  specimens 
was  done  with  diamond  tools  of  .equal  grainsize.  The 
specimen  was  rotating  and  the  diamond  disks  of  175  mm 
and  2  mm  diameter  were  grinding  parallel  to  the 
direction  of  the  centeraxis  in  order  to  achieve 
similar  surface  conditions.  At  first  it  was  intended 
to  determine  the  familiar  SN  curve  with  the  stress 
plotted  on  a  linear  or  logarithmic  scale  versus  the 
numbers  of  cycles  to  fracture  shown  logarithmically. 

The  tests  were  carried  out  on  two  Schenck-Webi  fatigue 
test  machines  (Fig. 29)  which  were  developed  for  bending 
and  torsion  fatigue  tests  on  all  kinds  of  materials. 

It  is  possible  to  superimpose  the  dynamic  loads  with 
a  static  preload.  For  the  momentary  tests,  however, 
the  static  preload  (bending  moment)  was  kept  zero. 

The  "Webi"  is  a  mechanically  driven  machine  with  a 
steady  adjustable  lift  which  is  necessarily  constant 
during  the  operation.  The  frequency  is  1495  cpm. 

Fig. 30  shows  schematically  the  method  of  operation 
and  the  measuring  equipment.  The  double  eccentric  (8) 
can  be  adjusted  to  each  permissable  lift.  With  the 
help  of  the  connecting  rod  (7)  the  lift  can  be  trans¬ 
mitted  to  the  loading  lever  (6).  The  specimen  (5) 
will  be  fastened  with  a  special  clamping  device 
(see  Fig. 31)  on  the  loading  and  measuring  lever  (2). 

The  clamping  device  had  to  be  equipped  with  roller 
bearings  in  order  to  avoid  torsional  stresses  which 
otherwise  would  originate  by  tightening  the  screws 
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of  the  clamps.  In  addition  it  is  necessary  that  the 
specimen  is  clamped  in  such  a  way  that  the  neutral 
axis  is  in  the  same  level  as  the  center  of  the  axis 
of  rotation  (4).  The  measuring  level  is  mounted  on 
leaf-springs  (3)  which  enable  a  motion  in  the 
longitudinal  direction  of  the  specimen  so  that 
tension  and  compression  stresses  which  arise  from 
the  contraction  of  the  specimen  under  bending  load 
are  excluded.  The  bending  moment  is  generated  by  the 
lift  of  the  loading  lever  and  by  the  resistance  of 
the  spring  (10)  which  can  be  installed  with  different 
strengths.  The  measuring  lever  enlarges  the  motions 
of  the  spring  and  with  the  help  of  the  two  dial  gages 
the  amplitude  of  oscillation  can  be  determined.  The 
mounted  spring  and  the  indication  of  the  dial  gages 
are  a  measure  for  the  applied  load  which  can  be 
determined  from  the  diagram  of  the  characteristic 
curves . 

If  a  specimen  is  broken,  an  automatic  switch  turns 
the  motor  off.  The  numbers  of  cycles  of  the  test  can 
be  read  from  a  counter.  Before  starting  the  test 
series  several  possibilities  of  error  of  the  fatigue 
machine  were  investigated. 

For  instance,  the  upper  and  lower  bending  stress  and 
the  preload  which  can  be  adjusted  statically  with 
the  two  dial  gages  were  checked  by  means  of  electrical 
strain  gages  and  the  diagrams  of  the  characteristic 
curves  of  the  springs  were  improved  according  to  our 
measurements.  The  already  mentioned  torsional  stresses 
were  also  measured  and  it  turned  out  that  they  are 
negligible  small  because  of  the  installed  roller 
bearings  in  the  clamping  device  (Fig. 31).  Further, 
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it-  was  assumed  that  the  weight  of  the  measuring  lever 
varies  the  statically  applied  load  during  cycling  and 
disturbes  the  sinusoidal  vibration  more  and  more  with 
decreasing  flexural  rigidity  EJ,  For  this  reason  tests 
were  performed  with  specimens  of  different  materials 
and  diameters  in  order  to  vary  Young's  modulus  E  and 
the  ratio  of  inertia  J.  The  electric  signals  of  the 
applied  strain  gages  were  given  into  a  Tektronix 
cethode  ray  oscilloscope  which  recorded  a  strain-time 
diagram.  No  disturbance  of  the  measuring  lever  on  the 
bending  stress  or  the  vibration  was  noticed.  This  test 
was  not  interrupted  for  five  days  and  we  found  that 
the  stresses  and  the  sinusoidal  vibration  remained 
unchanged.  Fig. 32  shows  an  example  of  one  vibration 
cycle. 

The  test  program  was  started  with  30  Wesgo  A1  995 
and  20  Degussit  A1  23  smooth  and  notched  bending 
specimens  at  room  temperature.  The  test  results  are 
presented  in  Tables  12  to  15  and  plotted  in  Figs. 33 
and  34.  It  can  be  seen  that  the  fracture  stress  of 
the  smooth  and  notched  specimens  decreases  with  in¬ 
creasing  numbers  of  cycles.  It  seams  however  that  the 
decrease  rate  of  the  notched  specimens  is  less  than 
that  of  the  smooth  specimens,  so  that  for  the  Degussit 
A1  23  specimens  the  stress  of  the  nonruptured  specimens 
which  ha-1  e  passed  the  fatigue  test  is  the  same  for  the 
notched  and  the  smooth  specimens  and  for  the  Wesgo 
A1  995  specimens  the  nominal  fracture  stress  of  the 
notched  specimens  is  even  higher  than  those  of  the 
smooth  specimens  at  a  number  of  cycles  greater  than 

rr 

1 0  ^ .  In  order  to  draw  conclusions  from  these  intro¬ 
ductory  tests,  these  observations  should  be  substan¬ 
tiated  by  more  test  results. 
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In  Pigs. 35  and  36  some  fractured  fatigue  specimens 
are  shown.  Viewed  from  bottom  to  top  the  first  specimen 
is  a  typical  static  test,  then  the  numbers  of  cycles 
increase, 

The  fracture  surfaces  in  the  fatigued  Alumina  are 
characteristic  in  shape,  being  flat  across  most  of  the 
section  but  turning  into  a  distinct  breakaway  lip.  This 
shape  is  basically  similar  for  the  static  failure  only 
the  breakaway  lip  tends  to  be  a  little  greater. 

Williams  found  a  simple  explanation  to  interpret  the 
general  shape  of  the  fracture  surfaces.  The  crack 
originates  at  the  tension  surface  and  runs  straight 
and  fast  at  right  angles  to  the  imposed  stress  until 
it  encounters  the  influence  of  a  shock  wave  reflected 
from  the  opposite  surface.  The  crack  then  moves  to  left 
or  right  of  its  original  path.  It  is  interesting  that 
at  all  fatigued  specimens  the  crack  runs  into  the 
direction  of  the  increasing  cross-section,  whereas  in 
the  case  of  static  failure  the  crack  turned  into  the 
opposite  direction  which  is  the  direction  of  the  in¬ 
creased  stress.  Similar  observations  can  be  made  with 
the  notched  specimens ,  where  the  crack  of  the  static 
bend  test  runs  perpendicular  to  the  applied  stress 
through  the  smallest  cross-section  and  the  crack  of 
the  fatigued  specimens  deviated  from  the  right  angle 
into  increasing  cross-section. 

2.2.5.  Dependency  of  the  fracture  stress.  Youngs  modulus 

and  fracture  .strain  on  the  grainsize  and  the  porosity 

The  microstructure  of  a  brittle  material  affects 
considerably  its  fracture  stress,  Young's  modulus  and 
fracture  strain. 


I 


-20- 


Experience  shows  that  the  strength  increases  with 
decreasing  grainsize  and  that,  moreover,  the  brittle 
fracture  of  a  polycrystalline  material  begins  in  one 
grain  and  then  spreads  to  the  others  in  the  sur¬ 
roundings.  The  condition  for  the  penetration  of  the 
crack  across  the  boundary  is  probably  the  attainment 
of  a  critical  stress  at  the  end  of  a  crack.  Since  the 
stress  for  the  extension  of  a  crack  is  inversely 
proportional  to  the  square  root  of  its  length  (Griffith 
/I/)  one  would  expect  the  brittle  strength  of  a  poly¬ 
crystalline  material  like  Alumina  to  be  inversely 
proportional  to  the  square  root  of  the  mean  grain 
diameter  (Orowan  E./8/).  Another  influence  is  exerted 
by  the  porosity.  It  is  evident,  however,  that  with 
increased  porosity  the  strength  of  the  resulting  body 
will  decrease .  The  relative  loss  will  depend  on  the 
pore-size  and  pore-shape.  E.  Ryshkewitch  / 5/  has  per¬ 
formed  compression  tests  with  porous  sintered  Alumina 
whose  grainsize  ranged  from  to  and  the 

experimental  data  can  be  represented  by  the  following 
expression 

e  =  s„-  e'Bp  (6) 

6"  =  strength  of  the  porous  body 

C>0  =  strength  of  the  nonporous  body  of  the 
same  material 

p  =  porosity  expressed  as  a  fraction 

8  =  material  constant 

Statements  of  the  coincident  effects  of  grainsize  6 
and  porosity  p  on  the  strength  of  Alumina  seem  to  be 
complicated  as  the  pore-size  and  pore-distance  is 
determined  by  the  grainsize  (see  Eig.8).  It  can  be 


-21- 


concluded  therefore,  that  the  grainsize  affects  the 
influence  of  the  porosity  on  the  fracture  stress.  On 
the  other  hand  the  pores  prevent  the  crack  propagation 
in  a  grain  as  they  act  as  obstacles  which  means  that 
the  influence  of  the  grainsize  on  the  fracture  stress 
is  affected  by  the  porosity. 

For  the  determination  of  the  influence  of  the  grain- 
size  and  the  porosity  on  the  fracture  stress,  Young's 
modulus  and  the  fracture  strain  160  bending  tests 
were  conducted  at  room  temperature  with  Degussit  A120^ 
specimens  having  a  diameter  of  4  mm  and  a  length  of 
250  mm.  The  specimens  were  manufactured  in  a  way  that 
the  porosity  and  grainsize  showed  a  variety  according 
to  Fig. 2.  As  the  bending  test  equipment  displayed  in 
Fig.  16  has  proved  to  -he  appropriate  this  test  setup 
was  used  and  the  method  of  evaluation  of  the  fracture 
stress,  Young's  modulus  and  fracture  strain  was  carried 
out  according  to  the  equations  given  in  / 4/ . 

The  test  results  are  given  in  Table  16  and  the  depen¬ 
dency  of  the  fracture  stress,  Young's  modulus  and  the 
fracture  strain  from  the  grainsize  and  the  porosity 
is  shown  in  Fig. 37  and  Fig. 38.  The  diagrams  were 
received  in  the  following  way:  For  instance,  the 
fracture  stress  was  plotted  versus  the  grain  diameter 
for  groups  of  specimens  with  porosities  scattering  by 
0.5#  at  most,  then  the  fracture  stress  was  plotted 
versus  the  porosity  for  different  groups  of  grainsizes 
where  the  range  was  kept  within  1  (j.m  .  The  curves 
received  of  one  diagram  allowed  to  construct  the  lines 
of  the  other  diagrams. 

The  diagrams  show  that  the  grainsize  affects  the  influ¬ 
ence  of  the  porosity  on  the  fracture  stress  and  fracture 
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strain  not  only  by  a  linear  displacement  'out  also  by 
the  curvature.  This  is  also  true  for  the  influence  of 
the  grainsize  on  the  fracture  stress  and  fracture 
strain  at  grains  smaller  than  20  /urn  ,  where  the 
porosity  affects  the  decrease  rate.  For  grains  larger 
than  20  the  influence  of  the  grainsize  is  very 
small . 

Young's  modulus  decreases  linearly  with  increasing 
porosity  in  the  range  2.27$  to  20.5$.  The  grainsize 
affects  this  influence  only  very  little  as  the  in¬ 
fluence  of  the  grainsize  on  Young's  modulus  is  almost 
negligible  small. 

For  small  grains  the  relationship  of  equation  (6)  has 
been  confirmed,  whereas  for  large  grains  the  experimental 
curves  deviate  more  and  more  from  the  exponential 
character. 

The  influence  of  the  grainsize  on  the  strength  of 
Alumina  also  shows  an  almost  straightline  relationship 
on  a  log  -  log  scale  for  small  porosities.  For  large 
porosities  the  curves  deviate  from  a  straight  line, 
as  the  pores  interfere  with  the  dislocation  movements. 

2.2.6.  Influence  of  the  specimen  volume  and  the  stress 

distribution  on  the  fracture  stress  of  Alumina  at 
various  grainsizes  and  porosities 

The  existence  of  a  size  effect  with  Alumina  specimens 
is  known  with  certainty.  Many  possible  explanations 
have  been  suggested.  An  increase  of  stress  with  decrea¬ 
sing  specimen  volume  follows  from  statistical  consider¬ 
ations.  It  is  characteristical  for  ceramic  materials, 
that  their  strength  values  scatter  over  a  compara¬ 
tively  wide  range. 
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The  statistical  theory  of  Weibull  / 2/  allowes  an 
adequate  prediction  of  the  failure  probability  of 
simple  shapes  of  brittle  materials  and  takes  full 
account  of  the  volume  effect  as  well  as  the  nature 
of  the  stress  distribution  to  which  the  body  is 
subjected.  For  an  application  of  this  theory  it 
becomes  necessary  to  determine  the  variability  of 
the  strength  for  a  certain  material  and  certain 
environmental  parameters . 

The  problem  must  therefore  be  attacked  on  a  statis¬ 
tical  basis,  assigning  a  given  probability  of  failure 
to  a  specified  stress  level.  Theories  based  on  this 
concept  postulate  that  each  material  contains  a  random 
distribution  of  flaws.  Fracture  will  occur  by  the  most 
stress  raising  flaw  which  the  specimen  happens  to 
contain.  The  specimen  must  be  visualized  as  being 
composed  of  individual  infinitesimal  volumes,  each 
of  which  carries  a  certain  failure  probability 
corresponding  to  the  stress  level  to  which  it  is 
subjected.  When  one  of  the  volume  elements  is  ruptured 
the  whole  specimen  fails.  Hence  it  follows  that  the 
strength  will  clearly  be  a  function  of  size,  as  the 
larger  the  specimen  is  the  greater  will  the  probability 
be  that  a  severe  flaw  will  be  contained  in  it. 

Weibull  took  the  elementary  laws  of  probability  as 
starting  point  in  order  to  develop  a  theory  the  formulae 
of  which  may  be  readily  brought  to  agree  with  the  test 
results.  The  assumptions  necessary  for  deriving  these 
equations  are  only  that  a  distribution  curve  of  strength 
values  exists,  that  the  material  is  considered  as  a 
continuum  and  that  the  properties  of  the  material  are 
such  that  the  probability  of  rupture  starting  at  any 
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point  is  equal,  that  means  that  the  material  is  iso¬ 
tropic. 

Witn  these  assumptions  and  with  the  laws  of  probability 
the  following  general  expression  for  the  ultimate 
strength  can  be  obtained 

T  -(n(G)cU' 

<DF  =  JeJ  ■olcr  (7) 

o 

Here  is  the  volume  element  and  —  log  ( *  So) 

6*0  is  the  experimentally  determined  strength  distri¬ 
bution  curve  as  a  function  of  S’  . 

If  the  material  is  such,  that  the  risk  of  rupture  is 
independent  of  the  stress  direction,  then  6"  in  the 
formula  is  a  scalar  quantity.  For  stresses  distributed 
in  an  arbitrary  way,  6  is  to  be  replaced  by  another 
scalar  quantity  which  is  definitely  determined  by  the 
three  principal  stresses.  If  S’  in  the  above  equation 
denotes  this  comparison  stress,  the  formula  will  be 
valid  for  any  combination  of  stresses. 

The  function  tn(6")  has  to  be  determined  from  experimen¬ 
tal  data  and  can  most  frequently  be  written  as 

tn(V)  =  /<•  (8) 


By  introducing  (8)  into  (7)  the  ultimate  strength  is 
obtained 


Instead  of  k  we  may  introduce  the  constant  Cfo— 
and  we  may  put  Z  **  e--  vx/6-,,  .  Then  the  final 


(9) 


i 
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formula  for  tension  tests  is 


For  bending  tests  with  circular  round,  bar  specimen 
of  radius  r  ,  where  M  =  const  the  stress  6*  can 
be  written  as 


er  =  a 


p  r 


(11) 


and  the  volume  element  diV  as 

dV  =»  £'  / rx  -  x*  •  olx 

Consequently  if  O’  in  equation  (8)  is  replaced  by 
(11)  we  get  from  (7)  with  (8)  and  (12) 


CO 

ft 


m 


L.  ™  •  /  e  ote 

<r,  -  ■— — t - - - - - r  03) 

ho  '  z™  •  /’Jff 


where  §  *  — 

5  r 

/ 

It  is  supposed  that  the  power  ^  is  a  function  of 
the  grainsize  and  the  porosity  and  can  be  obtained 
from  the  strength  distribution  curve  . 


In  order  to  avoid  the  enormous  number  of  tests,  which 
would  be  necessary  to  determine  the  strength  distri¬ 
bution  curve  for  each  grainsize  and  porosity,  bending 
tests  were  conducted  with  varying  specimen  volume  for 
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constant  grainsize  and  porosity.  In  the  first  test 

series  it  was  examined  whether  there  is  an  influence 

on  the  test  results  "by  changing  the  specimen  diameter 

or  the  specimen  length.  It  turned  out  however,  that 

only  the  volume  of  the  specimen  is  decisive.  It  was 

•3  3 

altered  within  the  range  from  180  mm  to  3750  mm  . 

An  example  of  a  test  diagram  is  given  in  Pig. 39, 
where  the  fracture  stress  of  specimens  from  a  certain 
group  of  grainsize  and  porosity  is  plotted  versus 
the  specimen  volume  on  a  double  logarithmic  scale. 
According  to  equation  (7)  it  is  possible  to  determine 
the  power  ~  from  the  inclination  angle  of  the 
straight  line  given  by 

_L  _  (u) 

m  £»l  IrjK) 

As  the  values  ~  scattered  very  much  a  great  number 
of  tests  were  performed  at  the  volume  of  approximately 
780  mnr  with  4  nan  diameter  Degussit  AlgO^  round  bar 
specimens  where  the  grainsize  and  porosity  again 
showed  a  variety  as  in  Pig. 2.  The  usual  bending  test 
setup  was  maintained  and  the  influence  of  grainsize 
and  porosity  on  the  fracture  stress  was  determined  in 
the  same  manner  as  described  in  chapter  2.2.5.  The 
volume  of  the  test  specimens  of  this  mentioned  section 
was  approximately  2390  mm  and  it  was  possible  to 
calculate  the  value  according  to  equation  (14)  by 
comparing  the  diagrams. 

The  results  of  the  bending  tests  are  given  in  Table  17 
and  the  dependency  of  the  fracture  stress  from  the 

■3 

porosity  at  a  volume  of  780  mm  is  given  for  several 
grainsizes  in  Pig. 40. 
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The  diagram  again  shows  that  the  fracture  stress 
decreases  monotonously  with  increasing  porosity. 
However,  the  grainsize  affects  the  influence  of  the 
porosity  by  a  linear  displacement  and  also  by  the 
curvature . 

The  values  are  given  in  Table  IS  and  the  in- 
™  . 
fluence  of  the  porosity  on  the  exponent  ~  is 

plotted  in  Pig. 41  for  several  grainsizes. 

The  preliminary  results  show  that  the  exponent 
is  very  low  for  instance  for  grainsizes  smaller 
than  6  fum  and  for  porosities  below  2 $  and  also  for 
large  grainsizes  beyond  20 /t tm  in  connection  with 
porosities  above  15$.  The  highest  exponent  was 
determined  in  the  range  of  5  to  10$  porosity  and  at 
grainsizes  of  approximately  10 

From  Fig. 41  an  empirical  equation  can  be  established 
for  with  respect  to  the  grainsize  and  the  pcrosity. 

rri 

If  this  relation  is  inserted  into  equation  (13)  and 
if  k  is  replaced  by  the  grainsize  G  in  jum  which 
was  done  in  order  to  harmonize  with  the  results  of 
other  investigations  (/9/>/l0/,/11/,/l2/  and  /1 3/) 
then  this  expression  renders  the  size  effect  caused 
from  the  distribution  curve.  Equation  (13),  however, 
does  not  include  the  reduction  of  the  effective  cross- 
sectional  area  by  increasing  porosity  and  the  stress- 
concentration  created  by  the  pores.  Both  factors  (l-p) 
and  ot  ,  where  the  stresoconcentration  <x  can  be 
determined  empirically  from  Fig. 38  or  40  with  respect 
to  the  grainsize  and  porosity,  must  be  incorporated 
in  equation  (13).  This  leads  to  the  following  ex¬ 
pression  for  the  influence  of  the  grainsize,  porosity 
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and  the  specimen  volume  on  the  fracture  strpss  for  a 
fourpoint  loaded  bending  test  of  a  round  bar  Alumina 
specimen: 


%  = 


where 


V*c 


/  -  p 


±1 


w 

-2 


■  ctz 


0C  J 

=  48  kp/mm^ 


(15) 


6  =  grains ize  in 

p  =  porosity  in  volumefraction 

V  -  specimen  volume  in  mm"’ 

oC  =  empirical  factor  caused  by  the 
stressconcentration 

=  [0,^6 •I'jZ-)2'*2*  o.osj-  pfej  G 

vo 

=  Weibull  exponent 

=  ( f  - ap )(  fop  c 4  o.o&  ) 

»  •1.(,(G/G0)0'*06  fr/. 

.  o.  W  -0.6**  ( G/Oa  -  /J 
«  o.3a*  (  6/(S0  -  /  J  •  6 

«  0. 02W  (  6/S0  -  I  f'78-  C.ozss  (  G/0>o- Ij  ■+ 

Equation  (15)  can  also  be  written  in  terms  of  Gamma 
functions  which  are  tabulated  and  facilitate  the 
evaluation . 


fa 

CL 

fo 

C 


•  ~P 
oc 


m 


•  r  (75? -"i 


,  ,  j.  i  r>/M±L  i  _  i 

(JU^’  K  7m 


(15) 


n- 


As  the  bending  tests  were  only  conducted  in  the 
ranges  covered  with  dots  in  Pig. 2,  equation  (16)  is 
valid  in  a  porosity  range  from  p  =  2.27%  to 
p  =  19*5%  and  in  a  range  of  grainsize  from 
G  =6.0  fxfa  to  G  =40.5  (Ufa  . 


+  0.4 
0.93? 
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2.2.7.  Tension  tests 

According  to  equations  (10)  and  (13)  the  relation 
between  the  fracture  stress  from  a  tension  test  and 
from  a  bending  test  with  specimens  of  equal  volumes 
and  equal  microstructure  is: 

/ 

%  =  Gr,  *  - 7 - 1 - - 7  (17) 

ft,  fbc  (gjm  . 

o 

As  ~  was  always  positive  in  the  tested  region  the 
fracture  stress  for  tension  must  be  smaller  than  that 
for  bending.  The  results  from  bending  tests  therefore 
can  give  an  estimate  for  the  results  of  tension  tests 
and  this  should  give  the  starting  point  for  further 
investigation. 

In  testing  of  materials  the  tension  test  is  a  very 
important  basis  of  research  and  engineering.  However, 
it  is  well  known  that  one  of  the  main  problems  asso~ 
dated  with  tensile  testing  of  brittle  materials  is 
the  difficulty  of  applying  a  true  axial  load  to 
obtain  a  uniform  stress  field  in  the  test  area. 

Considerable  effort  was  applied  in  designing  a  tension 
test  specimen  which  achieves  an  almost  uniform  stress 
field  in  the  test  area.  For  instance  for  a  tension 
specimen  with  circular  cross-section  it  can  be  shown 
from  the  simple  beam  theory  that  the  percentage  of 
increase  in  stress  resulting  from  eccentricity  is 
3  times  the  ratio  of  the  eccentricity  to  the  diameter 
of  the  rod.  As  only  small  specimens  can  be  manufactured 
an  eccentricity  of  a  few  thousands  of  a  millimetre  can 
produce  an  appreciable  stress  increase  on  one  side  of 
a  tensile  specimen  which  causes  failure  at  lower  loads 
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than  those  corresponding  to  true  axial  loading. 

Therefore,  a  tension  test  device  had  to  he  developed 
which  excluded  the  eccentricity  in  the  specimen  and 
the  bending  moments  caused  by  the  clamps  and  the 
test  machine.  It  is  known,  that  the  most  accurate 
symmetry  can  be  achieved  with  circular  ground  objects. 
Therefore,  a  specimen  shape  and  a  clamping  device 
which  consisted  only  of  circular  ground  parts  was 
considered. 

Fig. 42  shows  the  proposed  tension  test  specimen.  Here 
it  is  of  primary  interest  that  the  centeraxis  of  the 
ground  rod  coincides  with  a  maximum  discrepancy  of 
0,003  to  0,004  mm  with  the  centeraxis  of  the  drilled 
hole  in  the  bushing  on  the  front  surface.  This  demand 
can  easily  be  achieved  by  very  careful  grinding  of  the 
Alumina  specimen  and  the  bushing.  Through  the  hole  of 
the  bushing  exact  fitting  wires  with  sufficient  strength 
will  be  put  into  the  hollow  spaces  and  fixed  by  filling 
it  up  with  a  low  melting  point  alloy  of  lead,  bismuth 
and  thin.  It  is  important  that  no  play  i3  allowed 
between  the  bushing  and  the  specimen  and  that  there¬ 
fore  the  bushing  has  to  be  made  of  a  material  with 
very  little  temperature  expansion.  A  normal  steel  would 
break  the  Alumina  specimen  during  the  preheating  or  the 
fillingup  process. 

The  thin  wires  with  a  length  of  approximately  50  cm 
on  each  side  are  clamped  in  the  tension  test  machine. 

No  remarkable  bending  moments  in  the  specimen  caused 
by  the  friction  in  the  pins  or  the  alignment  of  the 
tension  test  machine  and  so  on  are  possible. 
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Two  specimens  have  been  manufactured  and  tested  so 
far.  Fig. 43  shows  the  test  specimen  and  Fig. 44  the 
complete  test  equipment. 

An  analysis  of  the  stress  field  by  means  of  electrical 
strain  gages  showed  that  the  bending  strain  of  the 
first  specimen  could  be  kept  below  2$  of  the  total 
strain  during  the  whole  test  procedure.  The  manufactu¬ 
ring  process  can  still  be  improved  and  it  is  expected 
to  diminish  the  still  existing  errors  further. 
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4. 


Tables  and  Illustrations 


Table  1 

Chemical  analysis  of  Degussit  A1  23,  Degussit  A1  23  PT, 
Degussit  A1  24  and  Degussit  test  substance  2461 


A1  23 

A1  23  PT 

A1  24 

test  substance 
2461 

99- 59^ 

99.5# 

99.6# 

99.9# 

Si02 

0.05-0. 

0.05-0.1# 

0.05-0.1# 

1 

1 

|>  0.00-0.02# 

Pe2°3 

0.02-0.05#  0.02-0.05# 

0.02-0.05# 

J 

MgO 

0.2# 

0.2# 

0.01-0.02# 

0.08-0.1# 

CaO 

0.05-0.1# 

0.05-0.1# 

0.05-0.1# 

0 

Na20 

0 

• 

—X 

1 

0 

• 

0.1-0. 3# 

0.1-0. 3# 

0 
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Table  2 

Distribution  of  the  grains ize  and  the  porosity  over 
the  length  of  Alumina  rods. 

(Rods  with  a  length  of  240  mm  were  cut  into  16  pieces. 
The  numbers  represent  the  grainsize  and  the  porosity 
of  each  piece.  The  numerical  order  is  arranged  in  the 
same  way  as  the  parts  sticked  together  originally.) 


material  and 
average  porosity 

Porosity 

P 

in] 

Grainsize 

6 

[/Uni] 

Degussit  A1  23 

3.98 

20.4 

3.88 

19.0 

p  =  3.80$ 

3.77 

19.9 

3.77 

19.4 

3.85 

16.7 

3.85 

17.3 

3.80 

19.0 

3.93 

19.0 

3.95 

18.0 

3.99 

21 .7 

3.87 

19.2 

3.74 

20.9 

3.93 

20.2 

3.99 

17.1 

4.00 

19.4 

4.24 

23.7 

Degussit  A1  23  PT 

7.37 

28.1 

'7.71 

29.9 

p  =  7.58$ 

7.55 

25.9 

8,  25 

25.3 

7.79 

27.5 
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continuation  of  Table  2 


material  and 
average  porosity 

Porosity 

P 

Lil 

Grainsize 

6 

7.94 

24.5 

8.07 

28.4 

7.84 

25.6 

7.56 

26.5 

7.72 

25.6 

7.06 

24.2 

7.31 

25.6 

7.86 

25.3 

7.61 

21.9 

7.65 

26.2 

7.12 

23.8 

Begussit  A1  24 

18.21 

71.1 

17.97 

66 . 2 

p  =  17.75/o 

18.11 

64.7 

17.97 

66 . 9 

18.55 

61 .9 

17.95 

54.3 

17.35 

54.8 

17.48 

72.9 

18.16 

59.4 

17.94 

60.0 

17.12 

58.8 

17.86 

60.0 

15.04 

60 . 6 

18.32 

58.2 

17.88 

57.6 

17.31 

55.9 
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continuation  of  Table  2 


material  and  Porosity- 

average  porosity  p 

f*J 


Wesgo  A1  995  3.66  11.6 

3.58  10.7 

3.59  11.5 

3.58  11.0 

3.62  11.1 

3.63  11.4 

3.73  10.5 

3.76  11.0 

3.80  10.7 

3.77  10.9 

3.80  10.9 

3.84  10.2 

3.82  10.1 

3.86  11.1 

3.94  10.7 

3.82  11.6 


Grainsize 

G 

(ftm) 
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Table  3 

Dependency  of  the  "Rauhtiefe"  Rf.  ,  "G-lattungstiefe"  Rp  , 
and  the  Center-Line-Average  CLA  from  the  grainsize  and 
the  porosity  of  Degussit  AlgO^  round  bar  specimens. 


grainsize  porosity  Rauhtiefe  Glattungs- 

tiefe 
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Center- 

Line- 

Average 

CLA 


1 

Li*  7 

[(***] 

i7 

14.6 

18.18 

22.50 

12.07 

4.47 

18.6 

9.07 

11.77 

3.57 

1 .60 

17.5 

8.02 

15.20 

5.23 

2.13 

15.3 

6.04 

6.83 

3.63 

0.97 

16.0 

5.64 

5.60 

1 .79 

0.92 

15.7 

5.26 

7.20 

2.51 

1 .04 

15.3 

3.39 

5.13 

2.30 

0.76 

20.9 

8.47 

7.57 

1 .82 

1 .09 

20.4 

8.63 

8.47 

2.15 

1.30 

9.3 

9.37 

16.53 

7.37 

2.63 

8.9 

8.77 

17.00 

7.30 

3.07 

8.7 

8.96 

20.43 

9.73 

3.17 

7.9 

9.37 

22.47 

8.93 

3.03 

Table  4 

Dependency  of  the  Vickers-micro-hardness  from  the 
grainsize  and  the  porosity  of  4  mm  0  Degussit  AlgO^ 
round  bar  specimens. 

(The  values  of  the  Vickers-hardness  are  the  arithmetic 
mean  values  of  10  hardness  test  on  one  cross-section.) 


grainsize 

6 

porosity 

p 

c*j 

load 

P 

C PJ 

diagonal 

oin 

Yickers- 

hardness 

HV 

/kp/mm2/ 

23.7 

8.64 

102 

8.39 

2687 

21 .0 

8.55 

102 

7.85 

3070 

17.1 

8.55 

102 

7-b9 

3199 

13.2 

8.48 

102 

8.01 

2948 

9.1 

8.61 

102 

9.36 

2159 

5.6 

8.37 

102 

9.85 

1961 

6 . 6 

2.69 

102 

8.38 

2690 

6.3 

4.36 

102 

8.71 

2490 

6.2 

7.71 

102 

11.56 

1418 

6.2 

10.96 

102 

10.95 

1580 

6.0 

14.75 

53* 

9.71 

1042 

6.2 

18.33 

53* 

8.86 

1260 

*)  The  low  load  was  necessary,  as  the  impression  with 
the  original  load  was  larger  than  the  free  areas  at 
specimens  with  high  porosities. 
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Table  5 

Vickers-micro-hardness  measurements  on  single  grains 
of  different  sizes.  Determined  on  a  Wesgo  A1  995  rod 
6  mm  0,  porosity  p  =  3.70$. 

(The  values  for  the  grains  and  the  Vickers-hardness 
are  the  arithmetic  mean  values  of  10  tests.) 


grainsize 

S 

7 

load 

p 

Cf>] 

diagonal 

Lpn] 

Vickers -hardness 
HV 

£kp/m m2y 

12.2 

94 

11.48 

1333 

20.4 

94 

*0.17 

1495 

30.2 

94 

10.90 

1473 

41.5 

94 

11.13 

1416 

50.0 

94 

11.39 

1355 
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'.Cable  6 

Variation  of  the  damping  factor  of  4  mm  0  Degussit 
AlgO^  specimens  with  the  porosity  and  the  grainsize. 


3.39 

15.3 

0.73-10"4 

4.38 

19.4 

1 .05-10"4' 

5.26 

15.7 

0.99*10“4 

5.64 

16.0 

0.71 *10“4 

6.04 

15.4 

1 .12*10“4 

8.02 

17.5 

1 .22*10“4 

9.07 

18.7 

0.92* 10~4 

17.63 

14.0 

7.05*10~4 

18.18 

14.6 

10.20-10"4 

9.37 

7.9 

1  .49* 10“4 

8.96 

8.7 

1 .15*10"4 

8.77 

8.9 

1 .08* 10-4 

9.37 

9.3 

1 .10*1 0“4 

8.02 

17.5 

1 ,22*10"4 

9.07 

18-.7 

0.92* 10“4 

8.63 

20.4 

1 .05* 10”4 

8.47 

20.9 

1 .25*1  O'"4 
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Table  7 

Dependency  of  the  fracture  stress,  Young's  modulus 
and  the  fracture  strain  from  the  surface  condition 
of  6  mm  0  Degussit  A^O^  specimens  determined  from 
a  bending  test  at  room  temperature. 


Rauh- 

tiefe 

Glattungs- 

tiefe 

Center- 

Line- 

Average 

fracture 

stress 

Young's 

modulus 

fracture 

strain 

ftp 

CLA 

Sfl  , 

B 

kp/mm2 

B& 

L/UmJ 

C/Um] 

kp/mnr 

1o 

17.17 

4.77 

2.53 

26.7 

3.68-104 

0.700 

14.70 

4.90 

3.07 

23.9 

3.73'104 

0.565 

14.03 

4.43 

2.30 

27.5 

3.70-104 

0.725 

9.77 

3.10 

1.43 

26.5 

3.64- 104 

0.770 

8.80 

2.23 

1.44 

23.6 

3.65-104 

0.650 

8.60 

2.18 

1 .22 

23.8 

3.67-104 

0.655 

7.66 

1.62 

1 .00 

25.9 

3.68-104 

0.685 

7.13 

2.02 

0.90 

23.0 

3.68-104 

0.640 

7.03 

2.05 

1.12 

28.7 

3.70-104 

0.765 

7.03 

1 .96 

1.14 

27.0 

3.70-104 

0.725 

6.77 

2.10 

1 .04 

25.8 

3.64-104 

0.690 

6.43 

1 .26 

0.85 

27.6 

3.71 -104 

0.730 

5.90 

1.55 

0.88 

29.8 

3.70-104 

0.810 

5.70 

0.84 

0.70 

24.7 

3.70-104 

0.650 

4.93 

1 .69 

0.80 

29.0 

3.67-104 

0.805 

4.87 

1 .77 

0.79 

26.2 

3.63-104 

0.720 

4.57 

1 .45 

0.71 

27.9 

3.71  *  1 04 

0.715 

4.43 

0.91 

0.58 

29.3 

3.73-104 

0.775 

4.30 

0.92 

0.57 

27.6 

3.68.104 

0.760 

4.27 

0.46 

0,42 

25.3 

3.66*104 

0.690 

4.20 

1 .44 

0.64 

29.0 

3.70-104 

0.770 

2.77 

0.74 

0.29 

25.1 

3.68.104 

0.685 

2.70 

0.61 

0.32 

27.2 

3.72. 104 

0.690 

2.07 

0.80 

0.20 

27.2 

3.75-104 

0.740 
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Table  8 

Residual  stresses  of  a  6  mm  0  Wesgo  A1  995  specimen, 
grainsiae  G  =  17.2  fj.tr j  ,  porosity  p  =  3.99$  (see 
Pig. 21 ) 


ground 

remaining 

change  of 

strain 

residual 

length 

area 

length 

stress 

£ 

/ 

A£ 

£ 

6 

[mm] 

[mm?] 

[pm'] 

[  kp/mm 

199.9 

28.04 

0.0 

0.0000 

0.33 

25.29 

0.1 

0.0005 

-0.03 

22.81 

0.0 

0.0000 

-0.22 

20.39 

-0.2 

-0.0010 

-0.23 

17.13 

-0.3 

-0.0015 

-0.13 

14.32 

-0.4 

-0.0020 

-0.03 

11.85 

-0.7 

-0.0035 

0.02 

9.51 

-0.7 

-0.0035 

0.07 
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Table  9 

Residual  stresses  of  a  6  ram  0  Wesgo  A1  995  specimen, 
grainsize  G  =16.5  ,  porosity  p  =  4.08$ 

(see  Pig. 22) 


ground 

length 

remaining 

area 

change  of 
length 

strain 

residual 

stress 

1 — i 

^  i 

» — i 

/■ 

jnm2  J 

[pstn] 

<£- 

IM 

6 

/kp/mm2J 

199.7 

28.04 

0.0 

-0.0000 

-0.53 

25.42 

-0.3 

-0.0015 

-0.38 

22.98 

-0.4 

-0.0020 

-0.26 

20.43 

-0.4 

-0.0020 

-0.15 

17.31 

-1 .0 

-0.0050 

-0.04 

14.55 

-0.8 

-0.0040 

0.04 

11.76 

-1 .2 

-0.0060 

0.12 

9.56 

-1.3 

-0.0065 

0.16 
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Table  10 


Residual 

stresses 

of  a  6  mm  0  Wesgo  A1  995  specimen, 

grainsize  G  =  16, 

■  4  itm  t  porosity  o  = 

4.09# 

(see  Fig. 23) 

• 

ground 

Remaining 

change  of 

strain 

residual 

length 

area 

length 

stress 

£ 

£ 

<y 

[mm] 

[mm2] 

[/“*”] 

L°k*l 

/kp/mm2y 

199.9 

28.04 

0.0 

0.0000 

2.44 

25.34 

1.2 

0.0060 

1.18 

22.90 

1  .8  • 

0.0090 

0.51 

20.47 

1.9 

0.0095 

0.08 

17.31 

2.0 

0.0100 

-0.24 

14.59 

2.6 

0.0130 

-0.40 

11.73 

2.6 

0.0130 

-0.47 

9.48 

2.3 

0.0115 

-0.48 

Table  11 


Dependency  of  the  fracture  stress,  Young's  modulus 
and  the  strain  at  fracture  from  the  strain  rate  of 
6  mm  0  Wesgo  A1  995  specimens  at  room  temperature 
determined  from  a  bending  test. 


porosity  grainsiae  strain  fracture  Young's  fracture 

rate  stress  modulus  strain 


p 

£*3 

G 

[/“>»] 

/0*£ 
[te-  ] 

L  sec  J 

J 

mm 

1CT4.E 

[*%] 

L  mm*1 

[*>] 

3.826 

11.88 

4.38 

21 .44 

3.640 

0.5689 

3.703 

11  99 

4.60 

23.53 

3.759 

0.6137 

3.789 

12.20 

4.17 

22.83 

3.669 

0.6156 

3.593 

11.94 

4.38 

21  .57 

3.729 

0.5512 

3.704 

12.43 

45.3 

24.76 

3.713 

0.6370 

3.756 

12.26 

49.3 

25.17 

3.577 

0.6689 

3.764 

12.15 

48.2 

24.43 

3.661 

0.6470 

3.807 

12.49 

47.8 

27.17 

3.690 

0.7227 

3.713 

11.15 

48.6 

22.07 

3.716 

0.5854 

3.553 

11.06 

46.7 

21.44 

3.613 

0.5594 

3.708 

12.04 

482 

24.60 

3.713 

0.6434 

3.708 

11.94 

450 

27.65 

3.680 

0.7346 

3.701 

12.37 

482 

25.65 

3.703 

0.6891 

3.543 

13.02 

470 

26.30 

3.688 

0.6914 

3.800 

12.37 

468 

26.41 

3.722 

0.6927 

3.721 

12.12 

452 

26.72 

3.622 

0.7825 

3.799 

12.26 

457 

27.91 

3.680 

0.7203 

3.865 

11.48 

4399 

24.90 

3.730 

0.6628 

3.778 

12.78 

4500 

26.09 

3.748 

0.6857 

3.709 

11.63 

a  ?/in 

27.68 

3.771 

0.72=8 

3.691 

11.78 

4520 

28.06 

3.713 

0.7362 
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continuation  of  Table  11 


porosity 

grainsize 

strain 

rate 

fracture 

stress 

Young's 

modulus 

p 

Q 

I0Z£ 

Qb 

• 

i 

o 

P] 

[te-  I 

i-  sec  J 

fSrJ 

[^2] 

3.907 

12.04 

— 

28.62 

3.889 

3.708 

12.04 

4340 

27.94 

3.667 

3.646 

12.15 

4270 

29.25 

3.731 

fracture 

strain 

P°] 


0.7300 

0.7246 

0.7670 
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Table  12 

Dependency  of  the  fracture  stress  of  5  mm  0  smooth 
Wesgo  A1  995  specimens  from  the  numbers  of  cycles 
to  fracture  determined  from  alternating  bend  fatigue 
tests  at  room  temperature. 


(Average  grainsize 
p  =  3*68$) 

G  =  20.5 yUkn 

,  average  porosity 

diameter 

bending 

stress 

numbers  of  cycles 
to  fracture 

ci 

A/ 

[mm  ] 

£kp/mm27 

— 

4.996 

25.15 

static  bending  test 

5.012 

24.72 

3tatic  bending  test 

4.993 

20.00 

9.800 

4.993 

18.00 

121 .500 

4.978 

16.00 

43.300 

5.010 

14.00 

118.200 

4.915 

10.00 

452.500 

5.008 

11.00 

1.110.900 

4.988 

8.00 

2.922.300 

4.979 

9.00 

5.478.400 

5.011 

7.00 

5.450.300 

5*003 

6.50 

no  fatigue  fracture 
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Table  1 3 

Dependency  of  the  fracture  stress  of  notched  round 
bar  Wesgo  A1  995  specimens  (nominal  diameter  5  mm) 
from  the  numbers  of  cycles  to  fracture  determined 
from  alternating  bend  fatigue  tests  at  room  temperature. 
(Average  grainsise  20.0  ,  average  porosity  /=>  = 

3.68$,  theoretical  notch  strength  ratio  c&.  =  1.54, 

according  to  Neuber  /1 4/) 


minimum 

diameter 

d 

[mm] 

nominal  bending 
stress 

®bW 

[kp/mm^ ] 

numbers  of  cycles 
to  fracture 

N 

4.978 

19.74 

static  bending  test 

4.990 

18.57 

static  bending  test 

4.950 

16.49 

2.000 

4.935 

13.56 

8.800 

4.955 

11.30 

29.400 

4.948 

12.00 

154.900 

5.008 

11.00 

95.300 

5.045 

9.73 

711.000 

4.970 

10.18 

no  fatigue  fracture 

5.013 

8.92 

no  fatigue  fracture 

5.095 

8.03 

no  fatigue  fracture 

5.010 

9.44 

no  fatigue  fracture 
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(Table  14 


Dependency  of  the 

fracture  stress 

of  5  mm  0  smooth 

Degussit  A1  23  specimens  from  the 

numbers  of  cycles 

to  fracture  determined  from  alternating  bend  fatigue 

tests  at  room  temperature. 

(Average  grains ize 
p  =  3.79$) 

S  =  20.1 

,  average  porosity 

diameter 

bending 

stress 

numbers  of  cycles 
to  fracture 

oL 

N 

[mm] 

(kp/mm2J 

- 

4.970 

21 .24 

900 

4.987 

21 .02 

1  .400 

4.972 

17.62 

18.400 

4.958 

13.03 

50.000 

5.007 

11.85 

1 47 . 600 

4.988 

9.36 

117.300 

5.002 

6.65 

1.953.800 

5.022 

5.47 

no  fatigue  fractu: 
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Table  15 

Dependency  of  the  fracture  stress  of  notched  round 
bar  Degussit  A1  23  specimens  (nominal  diameter  5  mm) 
from  the  numbers  of  cycles  to  fracture  determined 
from  alternating  bend  fatigue  tests  at  room  temperature. 
(Average  grainsize  6’  =  21. 6  pm  ,  average  porosity  p 
=  3.68$,  theoretical  notch  strength  ratio  51  =  1.54, 
according  to  Neuber  /1 4/) 


minimum 

diameter 


nominal  bending 
stress 


numbers  of  cycles 
to  fracture 


d 

(mm  ] 

[kp/mm^J 

N 

5.017 

18.38 

1  .300 

4.995 

15.77 

3.900 

5.135 

13.24 

28.500 

5.022 

11.10 

109.600 

4.850 

9.29 

112.000 

5-103 

8.43 

914.000 

5.090 

6.72 

1.108.300 

4.970 

5.15 

no  fatigue  frac- 
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Table  16 

Dependency  of  the  fracture  stress,  Young's  modulus 
and  the  fracture  strain  from  the  porosity  and  grain- 
size  of  4  mm  0  Degussit  specimens  determined 

from  a  bending  test  at  room  temperature. 


grains ize 

porosity 

fracture 

stress 

Young's 

modulus 

fracture 

strain 

a 

P 

%  , 

£ 

H) 

/kp/m  m27 

/kp/mm2J 

[%o] 

8.2 

2.33 

27.0 

40  210 

0.672 

17.9 

2.21 

26.5 

40  125 

0.661 

6 . 6 

2.69 

27.0 

39  730 

0.679 

8.2 

2.89 

27.8 

39  745 

0.699 

8.8 

3.31 

25.9 

37  732 

0 . 686 

18.0 

2.87 

22.5 

39  800 

0.564 

18.4 

2.93 

23.0 

40  032 

0.574 

18.8 

2.87 

25.2 

39  718 

0.635 

19.4 

3.29 

22.7 

44  300 

0.525 

23.1 

2.67 

19.2 

39  948 

0.481 

6.3 

4.36 

24.7 

37  641 

0.656 

6.8 

4.92 

27.3 

37  580 

0.727 

7.4 

4.29 

24.1 

39  038 

0.617 

7.9 

4.02 

22.5 

39  230 

0.574 

20.7 

4.35 

23.7 

39  200 

0.604 

24.3 

4.38 

19.6 

38  455 

0.509 

25.0 

4.33 

18.4 

39  100 

0.468 

6.9 

6.02 

26.6 

36  578 

0.725 

8.4 

5.10 

26.2 

37  427 

0.699 

12.7 

5.45 

18.6 

36  055 

0.517 
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continuation  of  Table  16 


grain size 

porosity 

fracture 

stress 

Young's 

modulus 

<3 

P 

«5> 

if 

U1 

/kp/mm27 

^cp/mm27 

6.1 

6.55 

30.4 

35  981 

6 . 6 

6.69 

27.6 

35  708 

6.8 

6.38 

23.8 

36  633 

15.4 

6.60 

15.3 

36  400 

20.7 

6 . 60 

16.5 

35  900 

6.5 

7.43 

23.5 

35  034 

7.6 

6.91 

22.5 

34  914 

23.1 

7.05 

19.7 

36  600 

5.0 

8,22 

26.2 

34  420 

5.4 

8.35 

26.9 

34  240 

5.6 

8.37 

26.3 

34  314 

5.7 

7.98 

25.3 

34  694 

5.7 

8.05 

26.8 

34  470 

6.2 

7.71 

29.3 

35  000 

6.4 

8.13 

27.9 

34  477 

6.4 

8.07 

26.2  ' 

34  808 

10.0 

8.40 

17.6 

34  997 

12.2 

7.80 

20.3 

38  700 

13.2 

8.48 

16.3 

34  881 

15.3 

8.50 

17.3 

35  082 

15.4 

8.30 

15.0 

35  199 

16.3 

8.39 

15-9 

35  370 

19.0 

n  j  a 

o.<f? 

15.7 

34  854 
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fracture 

strain 

[$o7 

0.844 

0.773 

0.648 

0.420 

0.457 

0.669 

0.642 

0.535 

0.758 

0.784 

0.764 

0.728 

0.776 

0.854 

0.807 

0.752 

0.505 

0.522 

0.470 

0.495 

0.427 

0.450 

0.450 
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continuation  of  Table  16 


grainsize 

porosity 

fracture 

stress 

Young’s 

modulus 

fracture 

strain 

6 

P 

Sb 

£ 

[/UfyiJ 

Itl 

/kp/mm^J 

frp/fflm2; 

[fa] 

5.7 

8.60 

29.0 

34  210 

0.845 

9.1 

8.61 

16.6 

34  858 

0.477 

9.6 

8.62 

17.6 

34  387 

0.513 

10.3 

8.61 

14.2 

35  260 

0.404 

12.0 

8.79 

15.8 

35  275 

0.449 

13.3 

8.81 

12.7 

35  368 

0.360 

13.9 

8.58 

15.0 

34  843 

0.431 

14.1 

8.88 

15.7 

35  251 

0.445 

14.2 

8.77 

13.1 

35  644 

0.369 

14.3 

8.79 

16.6 

34  805 

0.478 

14.4 

8.95 

14.1 

34  570 

0.409 

14.9 

8.87 

15.2 

34  770 

0.436 

15.3 

8.50 

17.3 

35  082 

0.495 

15.4 

8.82 

14.6 

34  500 

0.424 

16.7 

8.85 

13.1 

35  718 

0.368 

17.1 

8.55 

17.6 

34  770 

0.508 

18.5 

8.86 

12.4 

34  721 

0.357 

18.8 

8.64 

14.7 

34  825 

0.422 

19.0 

8.54 

15.6 

35  106 

0.446 

19.0 

8.77 

15.1 

34  552 

0.437 

19.7 

8.77 

14.4 

35  174 

0.410 

19.9 

8.72 

16.1 

35  198 

0.460 

19.9 

8.63 

16.7 

34  713 

0.481 

20.5 

8.80 

14.9 

54  380 

0.437 

21 .0 

8.55 

11.6 

34  747 

0.335 

21.2 

8.84 

16.6 

34  652 

0.481 

23.3 

8.85 

11.5 

34  162 

0.337 
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grainsize 

porosity 

fracture 

stress 

Young's 

modulus 

fracture 

strain 

6 

P 

6b 

5 

** 

• — i 

/kp/mm2J 

/kp/ 

°] 

23.7 

8.64 

15.7 

35  169 

0.447 

28.6 

9.00 

14.1 

34  400 

0.408 

5.4 

9.51 

22.8 

34  800 

0.654 

14.4 

9.05 

14.9 

34  741 

0.430 

15.5 

9.40 

12.3 

34  757 

0.355 

15.9 

9.07 

13.2 

35  248 

0.377 

16.3 

9.32 

15.6 

34  710 

0.449 

16.5 

9.15 

17.9 

34  480 

0.518 

16.5 

9.32 

17.4 

34  590 

0.502 

16.8 

9.08 

13.0 

34  160 

0.381 

18.8 

9.16 

12.3 

34  396 

0.357 

19.3 

9.25 

12.2 

34  177 

0.358 

19.9 

9.35 

13.4 

34  850 

0.385 

20.0 

9.02 

13.1 

34  404 

0.382 

20.1 

9.21 

14.0 

34  646 

0.406 

23.1 

9.37 

17.3 

34  900 

0.495 

28.6 

9.00 

14.1 

34  400 

0.408 

4.5 

17.70 

20.5 

25  510 

0.805 

4.7 

17.24 

20.2 

25  933 

0.774 

5.1 

17.52 

21.3 

25  370 

0.839 

5.4 

17.71 

21  .4 

25  368 

0.835 

5.9 

17.30 

17.5 

25  632 

0.677 

6.3 

17.46 

20'.  8 

25  674 

0.805 

44.5 

17.68 

11.8 

0.371 

47.1 

17.52 

11.8 

25  990 

0.454 

47..  8 

17.25 

9.7 

26  840 

0.360 

51.6 

17.69 

11.0 

26  900 

0.410 
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If  '  ' 

>  1 
e 

-  ft 

•  i 

* 

'  t 

V  continuation  of  Table 

| 

16 

5  » 

.  *  grains ize 

porosity 

fracture 

Young’s 

fracture 

stress 

modulus 

strain 

G 

P 

£ 

<~B 

L/um] 

[*] 

/kp/mm27 

M 

4.2 

18.14 

20.8 

24  836 

0.830 

1  ;  4.3 

18.15 

19.5 

24  685 

0.782 

*  :  4.4 

18.25 

20.0 

24  440 

0.816 

4.9 

17.82 

20.7 

25  400 

0.815 

i  '  5.5 

17.82 

20.7 

25  221 

0.816 

6.1 

17.85 

18.8 

25  143 

0.740 

i  |  6.1 

18.33 

21 .2 

24  366 

0.864 

;  .  6.3 

;  [  39.6 

17.84 

20.1 

25  403 

0.787 

18.02 

9.5 

27  330 

0.347 

\  40.4 

18.00 

9.7 

26  400 

0.360 

;•  S  45.6 

17.86 

11.0 

25  100 

0.440 

1  51  •  6 

18.20 

11.4 

26  700 

0.426 

1  j  66.0 

17.92 

11.1 

29  500 

0.408 

If  4.4 

12.50 

24.0 

30  220 

0.795 

4.4 

13.80 

24.6 

29  455 

0.829 

*  f  4.7 

13.88 

22.5 

29  359 

0.763 

‘  |  4.7 

17.24 

20.2 

25  933 

0.774 

•  4.5 

17.70 

20.6 

25  510 

0.805 

*  i  4.2 

18.14 

20.8 

24  836 

0.830 

:  4.3 

18.15 

19.5 

24  685 

0.782 

j  4-4 

18.25 

20.0 

24  440 

0.816 

4.4 

19.04 

18.9 

24  021 

0.781 

r  4-3 

19.10 

19.3 

23  898 

0.800 

1  4.6 

19.37 

18.3 

23  400 

0.783 

\  4.3 

19-44 

19  =  0 

23  247 

0.806 

j  4.4 

19.52 

18.15 

23  320 

0.778 

|  4.5 

*  J 
.  1 

19.87 

18.3 

23  235 

0.780 
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grainsize 

porosity 

fracture 

stress 

Young  *  s 
modulus 

fracture 

strain 

0 

P 

B 

M 

[kp/tm2] 

[kplwm2] 

[fa] 

5.0 

8.22 

26.2 

34  420 

0.758 

5.4 

8.35 

26.9 

34  240 

0.784 

5.6 

8.37 

26.3 

34  314 

0.764 

5.1 

10.83 

18.7 

32  026 

0.581 

5.4 

10.91 

24.1 

31  619 

0.758 

5.0 

11.15 

25.7 

31  700 

0.810 

5.0 

11.33 

23.9 

31  539 

0.755 

5.4 

11.48 

25.2 

31  513 

0.794 

5.5 

11.51 

23.7 

31  661 

0.745 

5.0 

11.52 

22.3 

29  141 

0.758 

5.0 

11.63 

24.0 

31  493 

0.759 

5.1 

11.68 

26.8 

31  315 

0.852 

5.5 

11.69 

23.1 

31  449 

0.731 

5.1 

11.70 

25.7 

31  100 

0.825 

5.1 

11.75 

23.9 

31  167 

0.762 

5.5 

11.89 

25.1 

31  288 

0.778 

5.0 

11.99 

25.0 

32  170 

0.773 

5.4 

12.10 

25.6 

30  770 

0.831 

5.4 

12.21 

23.5 

31  039 

0.754 

5.4 

12.74 

24.1 

30  213 

0.793 

5.6 

13.28 

23.3 

29  650 

0.782 

5.5 

14.27 

24.0 

28  486 

0.838 

5.3 

14.31 

23.7 

28  492 

0.828 

5.0 

14.45 

22.2 

28  645 

0.772 

4.9 

14.82 

21.5 

28  130 

0.765 

5.1 

15.07 

23.6 

27  660 

0.852 

5.1 

17.52 

21.3 

25  370 

0.839 
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grains ize 

porosity 

fracture 

stress 

Young’s 

modulus 

fracture 

strain 

G 

P 

<3b 

e 

(«/»j 

m 

[kp/mm^j 

£kp/mm2J 

Lfa] 

5.4 

17.71 

21 .4 

25  368 

0.835 

4.9 

17.82 

20.7 

25  400 

0.815 

5.5 

17.82 

20.7 

25  221 

0.816 

5.2 

19.30 

20.4 

23  611 

0.857 

6.1 

6.55 

30.4 

35  981 

0.844 

6.6 

6.69 

27.6 

35  708 

0.773 

6.5 

7.43 

23.5 

35  034 

0.669 

6.2 

7.71 

29.3 

35  000 

0.834 

5.7 

7.93 

25.3 

34  694 

0.728 

5.7 

8.05 

26.8 

34  470 

0.776 

6.4 

8.07 

26.2 

34  808 

0.752 

6.4 

8.13 

27.9 

34  477 

0.807 

5.7 

8.60 

28.9 

34  210 

0.845 

6.0 

9.84 

26.5 

32  712 

0.806 

6.4 

10.27 

27.0 

32  590 

0.829 

6.0 

10.73 

26.2 

32  590 

0.800 

5.7 

10.74 

25.6 

32  099 

0.795 

5.8 

10.82 

24.7 

32  190 

0.766 

6.2 

10.96 

23.7 

31  773 

0.743 

5.7 

10.97 

26 . 6 

31  770 

0.835 

6.0 

11.54 

24.32 

31  331 

0.772 

5.8 

11.65 

23.9 

31  267 

0.759 

5.7 

12.38 

24.3 

30  339 

0.796 

6.3 

12.85 

23.3 

30  204 

0.768 

6.4 

12.35 

25.3 

29  424 

0.860 
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grainsize  porosity  fracture 

stress 


Young*  s 
modulus 


G 

P 

L*  1 

/kp/mm2/ 

E 

/"kp/mm2./ 

6.3 

13.61 

24.2 

29 

304 

6.0 

14.75 

23.7 

28 

180 

5.7 

15.22 

24.1 

27 

928 

5.7 

15.49 

21.3 

27 

393 

5.9 

17.30 

17.5 

25 

632 

6.3 

17.46 

20.8 

25 

674 

6.3 

17.84 

20.1 

25 

403 

6.1 

17.85 

18.7 

25 

143 

6 . 1 

18.33 

21.2 

24 

366 

5.7 

19.25 

20.3 

23 

594 

5.7 

20.49 

18.8 

22 

688 

6  o  8 

4.92 

27.3 

37 

580 

6.9 

6.02 

26.6 

36 

578 

6.8 

6.38 

23.8 

36 

633 

7.4 

10.70 

20.2 

32 

170 

8.2 

2.33 

27.0 

40 

210 

8.2 

2.89 

27.8 

39 

745 

8.8 

3.31 

25.9 

37 

732 

8.1 

3.67 

26.6 

38 

575 

8.1 

3.79 

23.4 

38 

526 

7.9 

4.02 

22.5 

39 

230 

7.4 

4.29 

24;  1 

39 

038 

7.6 

6.91 

22.5 

34 

914 

8.7 

9.65 

20.3 

34 

360 

7;5 

9.67 

21.3 

33 

800 

-60- 


fracture 

strain 

M 

0.820 

0.836 

0.857 

0.772 

0.677 

0.805 

0.787 

0.740 

0.864 

0.852 

0.820 

0.727 

0.725 

0.648 

0.629 

0.672 

0.699 

0.686 

0.688 

0.607 

0.574 

0.617 

0.642 

0.592 

0.634 
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grainsize 

porosity 

fracture 

stress 

Young’s 

modulus 

fracture 

strain 

6 

P 

E 

<~B 

l/um] 

it] 

/kp/m2; 

[  kp/mm^J 

[to] 

7.9 

10.36 

20.1 

33  800 

0.594 

7.4 

10.70 

20.2 

32  170 

0.629 

7.5 

10.89 

17.4 

31  997 

0.540 

9.6 

8.62 

17.6 

34  387 

0.513 

10.0 

8.40 

17.6 

34  997 

0.505 

10.3 

8.61 

14.2 

35  260 

0.404 

16.3 

8.39 

15.9 

35  370 

0.450 

17.1 

8.55 

17.6 

34  770 

0.508 

16.7 

8.85 

13.1 

35  718 

0.368 

16.8 

9.08 

13.0 

34  160 

0.381 

16,5 

9.15 

17.9 

34  480 

0.518 

16.5 

9.32 

17.4 

34  590 

0.502 

16.3 

9.32 

15.6 

34  710 

0.449 

19.5 

3.25 

23.7 

39  520 

0.601 

19.4 

3.29 

22.7 

44  300 

0.525 

19.0 

8.49 

15.7 

34  854 

0.1-50 

19.9 

8.63 

16.7 

34  713 

0.481 

19.9 

8.72 

16.1 

35  198 

0.460 

19.7 

8.77 

14.4 

35  174 

0.410 

19.0 

8.77 

15.1 

34  552 

0.437 

20.0 

9.02 

13.1 

34  404 

0.382 

19.3 

9.25 

12.2 

34  177 

0.358 

a  r\ 

ly.y 

a  rrr 

13.4 

»▼  4  Ar  A 

04-  o?u 

A  «  A  A 

U.JO? 

23.1 

2.67 

19.2 

39  948 

0.481 

23.1 

7.05 

19.7 

36  600 

0.535 

61- 


continuation  of  Table  16 


grainsize 

porosity 

fracture 

stress 

Young’s 

modulus 

fracture 

strain 

6 

p 

C>B 

£ 

£b 

t/Uvn] 

/kp/mm27 

/kp/mia°/ 

CM 

23.7 

8.64 

15.7 

35  169 

0.447 

23.3 

8.85 

11.5 

34  162 

0.337 

23.1 

9.37 

17.3 

34  900 

0.495 

28.6 

9.00 

14.1 

34  400 

0,408 

27.4 

9.62 

13.1 

34  650 

0.379 
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Table  17 

Dependency  of  the  fracture  stress  from  the  specimen 
volume,  the  poro.sity  and  the  grainsize,  determined 
from  a  bending  test  at  room  temperature. 


volume 

/ 

(mm^) 

porosity 

P 

w 

grainsize 

6 

(/ U™ } 

fracture 

stress 

% 

(kp/mm^) 

180 

3.53 

14.3 

27.53 

180 

3.76 

16.6 

25.44 

180 

1.92 

13.4 

34.39 

178 

2.26 

12.2 

30.95 

183 

2.20 

12.5 

35.50 

174 

2.70 

9.9 

34.48 

375 

3.35 

14.4 

22.89 

369 

3.60 

13.9 

23.77 

378 

3.30 

12.1 

27.37 

374 

1 .70 

11.6 

30.31 

372 

3.18 

11.6 

26.62 

375 

3.43 

14.1 

22,10 

387 

3.50 

12.1 

26.28 

374 

3.28 

11.8 

27.81 

386 

3.43 

12.9 

28.60 

373 

1.63 

12.1 

27.95 

364 

1.40 

12.0 

29.64 

380 

1.63 

10.8 

29.56 

382 

1 .41 

12.3 

29.28 

381 

1  .78 

12.5 

28.67 

382 

1.55 

14.5 

26.30 

378 

1.53 

13.1 

28.89 

370 

1 .73 

10.4 

30.84 

378 

1 .13 

12.1 

30.23 
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volume 

porosity 

grainsize 

fracture 

stress 

i/ 

G 

(mm^) 

w 

(/tan) 

(kp/mm2) 

377 

3.33 

14.1 

21 .35 

409 

2.25 

18.2 

26.22 

415 

2.04 

16.6 

25.35 

407 

2.70 

22.2 

25.42 

413 

1.88 

16.6 

23.81 

419 

1 .78 

16.6 

23.39 

408 

2.98 

9.5 

34.60 

409 

2.64 

12.5 

36.41 

419 

3.45 

20.4 

25.40 

416 

2.80 

26.4 

24.35 

412 

3.10 

16.0 

28.15 

408 

4.20 

12.4 

28.05 

416 

2.26 

22.8 

25.98 

422 

2.35 

15.2 

22.25 

410 

3.74 

18.8 

24.53 

413 

3.58 

11.2 

30.15 

413 

3.58 

11.2 

29.07 

410 

3.30 

9.5 

31.11 

407  , 

3.30 

9.5 

35.47 

729 

3.00 

1  .8 

31 .93 

721 

8.65 

5.9 

26.86 

710 

8.99 

6.2 

33.00 

719 

9.07 

6.2 

29.89 

714 

9.07 

6.2 

■  30.15 

718 

8.59 

6.4 

26.36 

724 

8.61 

9.1 

18.37 
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volume 

V 

(mm3) 

porosity 

P 

(*) 

grainsize 

6 

(/KW  ) 

fracture 

stress 

% 

O 

(kp/mm  ) 

695 

7.60 

11.0 

23.20 

721 

8.77 

14.2 

15.49 

707 

8.79 

1^.3 

17.11 

724 

8.30 

15.4 

16.99 

721 

8.85 

16.7 

16.97 

720 

8.64 

18.8 

17.73 

716 

8.77 

19.7 

16.73 

723 

8.72 

19.9 

16.20 

720 

8.84 

21 .2 

15.84 

697 

8.42 

27.3 

20.45 

746 

4.03 

1.4 

42.04 

749 

4.35 

1  .4 

40.28 

755 

5.93 

1.5 

35.43 

764 

5.77 

1.5 

54.73 

768 

6.13 

1 .5 

39.60 

752 

3.60 

1 .7 

42.17 

753 

5.95 

1 .9 

40.77 

736 

2.55 

2.0 

45-06 

741 

2.20 

2.0 

40.85 

742 

2.30 

2.1 

39.95 

751 

13.08 

5.2 

26.8' 

730 

12.85 

6.4 

28.34 

746 

4.29 

7.4 

26.48 

730 

8.62 

9.6 

19.12 

731 

8.40 

10.0 

729 

8.61 

10.3 

18.10 

7*2 

8.78 

12.0 

21 .05 

continual  Lon  of  Table  17 


volume 

porosity 

grainsize 

fracture 

stress 

V 

P 

6 

% 

(mm^) 

(*) 

) 

(kp/mm  ) 

748 

4.15 

12.0 

25.11 

743 

7.80 

12.0 

21 .80 

748 

5.45 

12.7 

21.51 

748 

4.68 

12.8 

27.61 

758 

6.50 

12.8 

22.13 

765 

6.40 

13.0 

19.31 

730 

8.48 

13.2 

19.32 

736 

8.81 

13.3 

15.28 

732 

8.58 

13.9 

17.53 

743 

8.88 

14.1 

20.13 

746 

4.88 

14.3 

23.01 

740 

9.05 

14.4 

16.30 

762 

6.20 

14.6 

22.39 

731 

8.87 

14.9 

15.64 

743 

9.40 

15.5 

15.10 

734 

8.50 

15.3 

16.62 

743 

8.82 

15.4 

14.86 

750 

6.40 

15.4 

22.17 

735 

9.07 

15.9 

14.09 

740 

9.32 

16.3 

17.71 

734 

9.32 

16.3 

18.84 

736 

9.33 

16.5 

15.89 

762 

2.07 

16.6 

25.70 

743 

9.08 

16.8 

16.18 

747 

3.20 

17.1 

22.84 

768 

6.48 

17.1 

21 .76 

732 

8.55 

17.1 

19.65 

757 

6.00 

17.6 

21.14 

757 

2.88 

18.0 

26.38 
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continuation 

volume 

V 

(mm^) 

o.f  Table  17 

porosity 

<*) 

gr&insize 

6 

fracture 

stress 

p 

(kp/mm  ) 

730 

8.86 

18.5 

15.58 

751 

9.68 

18.5 

14.99 

754 

6.38 

18.7 

20.94 

736 

9.15 

18.8 

14.25 

739 

8.49 

19.1 

17.01 

736 

8.77 

19.1 

19.10 

747 

9.25 

19.3 

14.91 

733 

8.63 

19.9 

16.37 

731 

9.35 

19.9 

12.88 

743 

9.02 

20.0 

13.89 

739 

9.21 

20.1 

15.76 

740 

8.80 

20.5 

17.34 

751 

6.60 

21 .0 

15.94 

736 

8.55 

22.0 

16.41 

763 

7.65 

22.2 

18.42 

743 

7.75 

22.2 

18.99 

761 

6.30 

23.1 

21 .60 

755 

6.90 

23.1 

19.22 

761 

6.97 

23.1 

19.59 

752 

2.67 

23.1 

25.27 

741 

8.85 

23.3 

15.13 

736 

8.64 

23.7 

19.68 

746 

4.25 

24.0 

21 .99 

742 

4.38 

24.8 

20.49 

761 

2.57 

25.0 

24.95 

753 

6.75 

25.0 

19.73 

757 

7.70 

25.0 

15.87 
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continuation 
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volume 

porosity 

grainsize 

fracture 

stress 

V 

(nun^) 

P 

(*) 

<3 

(/HWJ 

(kp/mm2) 

"«o ; 


V4 


761 

8.15 

26.1 

19.18 

749 

4.00 

27.3 

22.98 

751 

6 . 63 

27.3 

18.37 

760 

5.75 

28.6 

18.93 

752 

7.00 

28.6 

19.44 

737 

9.00 

28.6 

13.91 

756 

5.15 

33.3 

19.03 

75S 

7.25 

33.3 

17.98 

829 

13.80 

4.4 

25.84 

826 

13.88 

4.7 

25.34 

81 4 

10.89 

4.9 

23.95 

815 

10.83 

5.0 

24.97 

812 

11.33 

5.0 

24.48 

806 

11.74 

5.1 

25.56 

816 

14.31 

5.3 

26.01 

801 

12.30 

5.3 

22.92 

822 

12.74 

5.4 

25.59 

816 

11.48 

5.4 

26.03 

813 

11.69 

5.5 

24.82 

826 

13.28 

5.6 

24.24 

809 

10.74 

5.7 

27.93 

797 

7.98 

5.7 

29-01 

797 

8.05 

5.7 

29.20 

s  820 

12.38 

5.7 

25.13 

810 

11.10 

5.8 

26.57 

804 

10.56 

6.0 

25.63 

617 

11.54 

6.0 

27.29 

1 

L_ 
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continuation  of  Table  17 


volume 

V 

(mm3) 

porosity 

P 

(*) 

grainsize 

6 

(m^  ) 

fracture 

stress 

(kp/nrni^) 

811 

10.96 

6.2 

25.92 

818 

13.61 

6.3 

26.01 

823 

12.85 

6.4 

24.75 

791 

7.43 

6.5 

30.05 

805 

10.40 

7.5 

22.36 

790 

9.35 

7.8 

20.37 

794 

9.66 

8.5 

19.19 

790 

9.65 

8.7 

19.80 

812 

9.88 

9.4 

18.14 

815 

18.95 

9.5 

13.11 

814 

10.30 

10.0 

20.11 

810 

18.70 

16.3 

14.36 

817 

19.35 

19.3 

13.94 

799 

18.20 

38.8 

10.12 

805 

18.03 

39.6 

10.57 

792 

18.00 

40.4 

10.90 

801 

17.60 

40.8 

11.03 

799 

17.70 

40.8 

11.94 

793 

18.10 

42.1 

10.89 

804 

17.80 

42.6 

10.62 

799 

17.80 

43.1 

10.96 

803 

17.90 

43.5 

10.04 

824 

18.25 

44.0 

8.76 

793 

17.80 

44.5 

12.53 

791 

17.60 

46.1 

12.28 

795 

17.80 

46.1 

11.37 

806 

18.40 

46.1 

9.27 
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continuation  of  Table  17 


volume 

porosity 

grainsize 

fracture 

stress 

V 

P 

S 

(rw?) 

(*) 

i/UM) 

(kp/mm  ; 

799 

17.70 

46.7 

10.70 

789 

17.52 

47.1 

11.13 

808 

18.30 

47.2 

10.03 

792 

17.25 

47.8 

11.33 

802 

17.80 

48.4 

9.90 

805 

17.97 

48.4 

10.06 

790 

18.00 

48.4 

10.60 

793 

17.80 

49.0 

12.27 

191 

18.20 

49.0 

11.19 

793 

18.20 

49.6 

10.63 

802 

17.80 

50.2 

9.73 

789 

18.20 

51 .6 

10.77 

794 

17.70 

52.3 

10.35 

793 

17.70 

53.0 

10.72 

795 

18.30 

54.4 

10.72 

828 

17.40 

60.9 

10.80 

829 

17.92 

66.0 

11.11 

820 

17.87 

69.9 

11.44 

844 

18.14 

4.2 

21.43 

857 

18.15 

4.3 

19.56 

870 

19.10 

4.4 

18.95 

855 

19.04 

4.4 

22.46 

871 

19.52 

4.4 

19.08 

854 

18.25 

4.4 

20.26 

857 

17.70 

4.5 

19.31 

871 

19.87 

4.5 

19.41 

862 

19.37 

4.6 

19.29 
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continuation  of  Table  17 


volume 

porosity 

grainsize 

fracture 

stress 

1/ 

P 

G 

% 

(mm'*) 

(*) 

( 

p 

(kp/mm  ) 

851 

17.82 

5.0 

21 .48 

854 

17.52 

5.1 

22.28 

864 

19.30 

5.2 

22.33 

851 

17.71 

5.4 

20.87 

865 

19.39 

5.7 

20.91 

865 

19.25 

5.7 

21.17 

CD 

-J 

20.49 

5.7 

19.54 

850 

17.30 

5.9 

23.27 

855 

17.85 

6.1 

21 .66 

859 

18.33 

6.2 

20.82 

852 

17.46 

6.3 

23.14 

1205 

3.19 

11.8 

26.93 

1199 

3.19 

11.8 

26.66 

1204 

3.67 

12.0 

24.27 

1196 

3.99 

12.8 

22.54 

1193 

3.50 

15.0 

26.30 

1195 

3.60 

15-0 

26.51 

1186 

3.26 

12.4 

31.04 

1199 

3.16 

12.7 

26.60 

1204 

3.65 

16.0 

27.32 

1188 

2.98 

12.4 

31.95 

1204 

2,91 

14.3 

27.49 

1202 

3*05 

13.3 

27.41 

1187 

2.66 

11.1 

29.04 

1201 

3-42 

15.4 

10.13 

1199 

3.19 

16.5 

25.52 

1194 

3.27 

12.6 

31.15 
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continuation  of  Table  17 


volume 

porosity 

grainsize 

fracture 

stress 

1/ 

P 

3 

^fb 

(mm^) 

(*) 

(/MW) 

O 

(kp/mm  ) 

1199 

3.26 

14.9 

28.49 

1203 

3.26 

14.9 

25.55 

1191 

3.23 

20.1 

28.52 

1599 

3.22 

14.6 

22.66 

1591 

3,40 

18.3 

22.15 

1601 

3.11 

14.2 

22.23 

1613 

2.81 

22.5 

21.62 

1605 

2.48 

18.2 

23.05 

1582 

2.39 

15.4 

27.60 

1677 

4.30 

13.8 

20.83 

1677 

5.59 

18.6 

21 .87 

1672 

5.59 

17.0 

23.49 

1667 

5.59 

17.0 

25.97 

1658 

4.20 

10.8 

27.81 

1658 

4.20 

10.8 

23.12 

1670 

3.89 

7.1 

26.56 

1662 

3.74 

12.1 

21 .28 

1667 

3.74 

12.1 

25.60 

1691 

4.22 

13.5 

21 .34 

1682 

7.79 

23.3 

23.66 

1667 

3.82 

14.3 

24.03 

1654 

3.81 

18.2 

25.41 

1665 

3.49 

15.4 

25.52 

1657 

3.94 

8.0 

23.78 

1779 

3.04 

19.0 

13.79 

1801 

2.97 

23.3 

18.94 
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continuation  of  Table  17 


volume 

V 

(mm^) 

porosity 

P 

(*) 

grainsize 

a 

//MWJ 

fraccure 

stress 

(kp/nun  ) 

1793 

2.48 

15.2 

20.14 

1793 

2.61 

18.7 

20.81 

1781 

2.62 

18.3 

18.15 

1781 

2.68 

19.6 

20.17 

1808 

2.79 

17.8 

20.89 

1781 

2.70 

24.6 

21  .49 

1786 

3.04 

18.5 

19.55 

3000 

3.00 

27.2 

21  .84 

3022 

3.46 

26.4 

20.56 

2997 

3.48 

21 .3 

20.65 

2999 

3.12 

25.4 

16.62 

3015 

3.56 

23.0 

21  .07 

3010 

3.56 

23.0 

21  .71 

3029 

3.49 

22.2 

18.50 

3016 

3.06 

20.0 

21  .53 

3029 

3.65 

26.9 

20.00 

3036 

3.65 

24.8 

18.25 

3036 

3.06 

20.0 

20.11 

3064 

3.06 

22.0 

23.17 

3059 

3.06 

22.0 

22.34 

3049 

3.73 

20.0 

18.07 

3047 

3.34 

22.2 

17.97 

3092 

3.17 

22.2 

21  .77 

3076 

3.93 

18.2 

18.07 

3091 

3.57 

22.9 

20.17 

3778 

3.19 

16.5 

24.42 

3748 

3.27 

12.6 

28.00 
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continuation  of  Table  17 


volume 

porosity 

grains ize 

fracture 

stress 

V 

P 

G 

(mm3) 

00 

) 

(kp/mnr) 

3777 

3.26 

14.9 

22.25 

3754 

3.23 

20.1 

26.60 

Table  18 


Dependency  of  the  exponent  from  the  porosity  and 
grainsize,  determined  at  room  temperature 


grainsize 

3 

(jUM  J 

porosity 

P 

w 

1 

m 

6.0 

6.0 

0.0645 

9.0 

0.0612 

12.0 

0.0671 

15.0 

0.0736 

18.0 

0.0764 

7.0 

4.0 

0.0839 

6.0 

0.0830 

9.0 

0.0786 

12.0 

0.0790 

7.96 

2.0 

0.0935 

4.0 

0.0964 

6.0 

0.0897 

9.0 

0.1080 

12.0 

0.0982 

9.86 

4.0 

0.0982 

6.0 

0.1039 

9.0 

0.1188 

12.0 

0.1241 

15.0 

0.1384 

18.0 

0.1384 

16.6 

2.0 

0.0691 

4.0 

0.1072 

6=0 

0  =  1155 
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continuation  of  Table  18 


grainsize 

G 

(/U>H  j 


19.5 


23.3 


28.0 


40.3 


porosity 

P 

(50 


9.0 

0.1108 

12.0 

0.1141 

15.0 

0.0975 

18.0 

0.1150 

4.0 

0.1146 

6.0 

0.1139 

9.0 

0.1195 

12.0 

0.1110 

15.0 

0.1060 

18.0 

0.1108 

2.0 

0.0652 

4.0 

0.1080 

6.0 

0.1070 

9.0 

0.1045 

4.0 

0.1130 

6.0 

0.11-30 

9.0 

0.1120 

17.5 

0.0125 

4.5 

0.0937 

8.8 

0.0952 

9.3 

0.0791 

5.6 

0.1125 

7.3 

0.0424 

18.5 

0.0085 
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Fig.1  Polished  and  etched  Alumina  specimens 

(grainsize  @  =  6.2  jum  ;  porosity  p  =  2.53$; 
magnification  500-times) 
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of  the  round 


ii&il  Distribution  of  the  porosity  and  the  grainsize 

over  the  length  of  a  4  mm  diameter  Degussit  A1  23 
specimen 
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comparison 


G  =  12.3  /um 

=  1.27% 


ZifcS 


Dependency  of  the  poresize  and  poredistance 
from  the  grainsize  at  constant  porosity  p  ~  5.6% 
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Fig. 9  Dependency  of  the  "Rauhtiefe"  R^,  "Glattungs- 
tiefe"  Rp  and  the  Center-Line-Average  CLA  from 
the  grainsize  and  the  porosity  of  4  mm  diameter 
Degussit  A120^  specimens 
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Fig. 10  Dependency  of  the  Vickers-micro-hardness  on 
the  grains iae  and  the  porosity  of  4  am  0 
Degussit  AlgO^  round  bar  specimens. 

(The  points  are  the  arithmetic  mean  values  of 
10  hardness  tests  on  one  cross-section) 
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Fig. 1 1  Dependency  of  the  Vickers-hardness  from  the 
size  of  single  grains  of  a  Wesgo  AX  995  rod 
6  mm  0,  porosity  3*7$.  (The  points  are  the 
arithmetic  mean  values  of  10  tests) 


Fig. 12  Vickers-impression  on  an  Alumina  specimen. 
Pressure  of  the  diamond  pyramid  94  p. 
Magnification  1400  x 


Fig. 1 3  Broken  pieces  of  an  Alumina  rod 

photographed  shortly  after  a  bending  test 
with  a  Hitachi  high  speed  motion  camera 
(Picture  taking  rate:  10  000  pictures  per 
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Fig. 1 5  Variation  of  the  damping  factor  of  4  mm  diameter 

Degussit  Alo0^  specimens  with  the  porosity  and  the 
grainsize  11  ^ 


Fig. 17  Dependency  of  the  fracture  stress,  Young's  modulus 

and  the  fracture  strain  from  the  Rauhtiefe  of  6  mi 
diameter  Degussit  AlgO^  specimens  determined  from  a 
bending  test  (grainsize  S  =  9.0  ^um  ,  porosity  p  =  5.37$) 


and  the  fracture  strain  from  the  Glattungstiefe  of 
a  6  mm  diameter  Degussit  AlgO^  specimens  determined 
from  a  bending  test  (grainsize  G-  S.Ojum  , 


porosity  p  =  5.37$) 
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g. 1 9  Dependency  of  the  fracture  stress,  Young’s  modulus 

and  the  fracture  strain  from  the  Center-Line-Average 
CLA  of  6  mm  diameter  Degussit  A^O^  specimens,  deter¬ 
mined  .from  a  bending  test  (grainsize  G  =  9.0  |Um  , 
porosity  p  =  5.37%) 
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Fig. 20  Measuring  equipment  for  the  determination  of 
the  residual  stresses  on  6  mm  diameter  Wesgo 
A1  995  specimens 
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Pig. 21  Strains  £  plotted  versus  the  remaining  area 

received  from  the  grinding  off  process  of  a  6  mm 
diameter  Wesgo  A1  995  specimen  and  distribution 
of  the  residual  stress  over  the  cross-section  f 
determined  from  the  above  diagram  (grainsize  G  = 
17*2  /urn  ,  porosity  p  =  3.99$) 


Fig. 22  Strains  £  plotted  versus  the  remaining  area 

received  from  the  grinding  off  process  of  a  6  mm 
diameter  Wesgo  A1  995  specimen  and  distribution 
of  the  residual  stress  over  the  cross-section  t 
determined  from  the  above  diagram  (grainsize  G  - 
16.5  ,  porosity  p  =  4.08$) 


Strains  £  plotted  versus  the  remaining  area 
received  from  the  grinding  off  process  of  a  6  mm 
diameter  Wesgo  A1  995  specimen  and  distribution 
of  the  residual  stress  over  the  cross-section  f 
determined  from  the  above  diagram  (grainsize  G 

iw.-r  p” '  j  jjvxvoi.wj  p  —  •  ^y/0/ 


Fig. 24  Test  equipment  for  the  determination  of  the 

influence  of  the  loading  speed  on  the  fracture 
stress,  Young's  modulus  and  the  strain  at 
fracture 
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-Fig, 26b  Time-strain  diagram 

Photographs  of  a  benaing  test  taken  on  Tektroni.c  cathode 
ray  oscillographs.  Crosshead  speed  of  the  Zwick  electronic 
tension  test  machine  600  mm/minute. 

Fracture  load  P  =  21.92  kp,  fracture  strain  £»  =  0. 686%o, 
time  t  =  0.0345  sec.  per  unit. 


1  5  /0  50  /00  500  /000  5000 

Dependency  of  the  fracture  stress,  Young’s  modulus 
and  the  strain  at  fracture  from  the  strain  rate  of 
6  mm  diameter  Wes go  A1  995  specimens  determined 
from  a  bending  test  at  room  temperature 


Fig. 28 


Fig. 29 


Degussit  A1o03  specimen  for  alternating  lend  fatigue 
tests  (residual  diameter  5  mm,  notch  root  radius  1  mm) 


Schenck-Wehi  fatigue  test  machine  and  Tektronix 
cat*hode  ray  oscilloscope 


<•1 


Clamping  device  for  alternating  "bend  fatigue 
tests 
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Fig. 32  Vibration  of  a  specimen  mounted  in  a  Schenck~ 
Webi  fatigue  test  machine  (strain  amplitude  ~ 
frequency  1495  cpm) 
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Numbers  of  cycles 
to  fracture 

5,478,000 

2,922,000 

452,000 

43,000 

static  failure 


Pig. 35  Fracture  shapes  of  smooth  Wesgo  A1  995  specimens 
broken  under  static  and  cyclic  loads 


Numbers  of  cycles 
to  fracture 

1 ,162,000 
155,000 
29,000 

2,000 

static  failure 


Fig. 36  Fracture  shapes  of  notched  Wesgo  A1  995  specimens 
broken  under  static  and  cyclic  loads 
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Fig. 37  Dependency  of  the  fracture  stress,  Young's  modulus 
and  the  fracture  strain  from  the  grainsize  of  4  nun 
diameter  Degussit  specimens  determined  from  a 

bending  test  at  room  temperature 
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Fig. 58  Dependency  of  the  fracture  stress,  Young’s  modulus 
and  the  fracture  strain  from  the  porosity  of  4  mm 
diameter  Degussit  AI2O3  specimens  determined  from  a 
bending  test  at  room  temperature 
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Fig. 43  Tension  test  specimen  of  Alumina 
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